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ABSTRACT
The polycystic kidney disease-1 (Pkd1) gene encodes a large transmembrane protein
(polycystin-1 or PC-1) that is reported to function as a fluid flow-sensor in the kidney.
As a member of the transient receptor potential (TRP) family, PC-1 has also been
hypothesized to play a role in the elusive mechanoelectrical transduction (MET) channel
in inner ear hair cells based on PC-1 role of fluid flow sensing and calcium uptake into
renal epithelial cells. However, two independent mouse lines with PC-1 mutations
exhibit normal MET channel function despite hearing loss and ultra-structural
abnormalities of stereocilia that remain properly polarized at adult ages. These findings
indicate that PC-1 plays an essential role in stereocilia structure and maintenance, but
not directly in MET channel function and planar cell polarity. We also demonstrate that
PC-1 is co-localized with F-actin in hair cell stereocilia as well as with the actin based
microvilli in a renal epithelia cell line. These results not only provide a unique hair cell
stereocilia phenotype, but also ultimately may lead to a further understanding of the
mechanisms behind polycystic kidney disease.
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CHAPTER 1. INTRODUCTION
1.1 Objective of the Dissertation
There are many different forms of sensory impairment, of which, the most common is
hearing loss. In the United States alone, approximately 37 million adults have some form
of hearing loss, while approximately 3 in every 1000 children are born with hearing loss.
Hearing impairment or deafness can be caused by conductive hearing loss, where sound
waves are not able to reach the inner ear, or sensorineural hearing loss, where there is a
lack of neural response to sound waves. Some common causes of deafness are age-related
hearing loss, noise-induced hearing loss, genetic disorders, and medication, such as
aminoglycoside antibiotics or chemotherapeutics. To understand the mechanism of many
of these hearing defects we must first understand the mechanism of hearing; however,
this is difficult due to the limited amount of knowledge known about the auditory system.
Here, we investigated the role of Pkd1 in the hair cells of the inner ear to understand its
role in deafness as well as possibly providing clues to the mechanism of polycystic
kidney disease.
1.2 Overview of the Auditory System
The auditory system is a complex maze of tubes, cells and nerves that begin as the
sound waves travel into the external ear and concludes at the auditory cortex in the brain.
As sound enters the external auditory canal, it travels towards the middle ear where it is
transferred through the tympanic membrane and three ossicles and the oval window
membrane into the fluid of the cochlea. The cochlea resides in the inner ear and is a fluid
filled, calcified organ. The waves travel through the liquid of the cochlea allowing for the
stimulation of the outer hair cells. The outer hair cells, in turn, amplify the sound at a
specific frequency called electromechanical feedback (Fettiplace and Hackney 2006;
Moller 2006; Yost 2007). The stimulation of the outer hair cells produces additional
vibrations and results in the release of the neurotransmitter, glutamate, at the base of the
inner hair cells. The release of glutamate begins a neural cascade that originates with the
afferent nerves of the inner hair cells and continues through the cochlear nucleus,
superior olivary complex and inferior colliculus to the vestibulocochlear nerve (cranial
nerve VIII) (Hudspeth 1989; Moller 2006; Yost 2007).
1.3 Outer Ear
The outer ear is made up of two distinct regions, the pinna and the external auditory
canal. The pinna is a cartilagous flap which acts as a funnel, allowing sound waves to
collect and move into the external auditory canal. This canal ends at the junction of the
outer ear with the middle ear, known as the tympanic membrane or eardrum (Figure 1.1)
(Yost 2007; Roy 2009).
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1.4 Middle Ear
Directed sound waves travel from the outer ear to the middle ear where they strike the
tympanic membrane which then vibrates as a result of the sound waves hitting the
membrane. The sound waves are converted into vibrations of the ossicles of the middle
ear (Moller 2006). The ossicles or bones of the middle ear are the malleus, incus, and
stapes (Figure 1.1). The most lateral of these bones is the malleus which is partially
embedded in the tympanic membrane. The malleus connects to the next ossicle, the incus,
through a double saddle joint. Finally, the incus joins to the most medial of the ossicles,
the stapes, which is also implanted into the oval window of the inner ear by its flattened
oval footplate (Moller 2006; Yost 2007). Vibrations of the ossicles allow for the transfer
of sounds waves into the cochlea through the oval window. The middle ear is the most
common location of conductive hearing loss because of earwax build-up as well as
otosclerosis, or the calcification of the ossicles.
1.5 Inner Ear
The inner ear is made up of three vestibular organs and one hearing organ, the
cochlea (Figure 1.1). These structures are completely enclosed by the temporal bone, one
of the hardest bones in the body (Moller 2006). The three vestibular organs include the
saccule, the utricle and three semicircular canals. These organs are required for balance
and sensing the directional movement of the head (this will be discussed in more detail in
Chapter 5). The cochlea is a small snail shaped organ similar to a tube that decreases in
diameter from the base to the apex. The cochlea is divided by membranes into three
regions called the scala vestibule, the scala tympani and the scale media (Yost 2007).
Once the vibrations from the middle ear enter the inner ear a change in fluid pressure
results in movement of membranes in the organs. The sensory epithelium responds to
these vibrations with cellular depolarization and neuronal signaling.
1.6 Cochlea
1.6.1 Scala vestibule and scala tympani
The cochlea is divided into three compartments: the scala vestibule, scala tympani,
and scala media (Figure 1.2) (Nolte 1993). The basilar membrane separates the scala
media from the scale tympani. The membrane separating the scala media from the scala
vestibule is known as the Reissners’ membrane. The scala vestibule and the scala
tympani both extend from the round window, an opening at the base of the cochlea, to the
helicotrema at the very apex of the cochlea. The helicotrema is also where the scala
vestibule and scala tympani meet and come together as one. Both the scala vestibule and
scala tympani are filled with perilymph, which is a high-sodium, low-potassium medium.
These two areas assist in transducing sound vibrations from the middle ear into
mechanical force. The force is generated by the movement of both the Reissner’s
3
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membrane and the basilar membrane which encloses the middle chamber of the cochlea
the scala media. Inside the scala media is another membrane called the tectorial
membrane which also moves in response to the fluid movement. The force generated by
the basilar membrane as well as the tectorial membrane helps in the amplification of the
sound waves in the cochlea.
1.6.2 Scala media
The scala media contains the sensory epithelial cells of the cochlea, which are
commonly called hair cells. These cells are named for the crown of actin based stereocilia
sitting upon the apical surface of the cells (Hudspeth 1989; Whitlon 2004). Lying
between hair cells and the basilar membrane are different groups of supporting cells.
These cells aid in support of hair cells and help to maintain the rigid structure of the
organ of Corti. The scala media is filled with endolymph, which has an opposite ionic
composition to perilymph (high-potassium and low-sodium). The ionic balance is
maintained by the numerous cell types located in the spiral ligament. The scala media
also allows for recycling of potassium from the hair cells back to the endolymph which
maintains the high potassium levels.
1.6.3 Organ of Corti
Situated between the Reissner’s membrane and the basilar membrane is the organ of
Corti, which contains not only the sensory epithelium, but also numerous other cell types
including supporting cells. Dividing the organ of Corti into the inner and outer section is
the tunnel of Corti, which is triangular in shape and filled with a fluid called cortilymph
(Yost 2007). The tunnel is flanked by two pillar cells, inner and outer pillars. Located on
the medial side of the tunnel of Corti are the inner hair cells, inner sulcus cells, and the
spiral limbus. On the lateral side of the tunnel of Corti are three rows of outer hairs cells,
Deiter’s cells, Hensen’s cells, Claudius’ cells, the spiral ligament and the stria vascularis.
Also, located in the organ of Corti is the tectorial membrane which is an acelluar matrix
of colorless fibers. Stereocilia located on top of the outer hair cells are imbedded into the
tectorial membrane which allows for additional aid in the defection of the stereocilia
bundles in response to traveling sound waves (Figure 1.3) (Nolte 1993; Yost 2007). Each
of the cell types listed has their own specific role in the auditory system; however, our
main focus is the role of the hair cells.
1.6.4 Hair cells
Hair cells are the sensory epithelium of the cochlea and located in the organ of Corti.
There are three rows of outer hair cells and one row of inner hair cells separated by the
tunnel of Corti. These cells are located throughout all turns of the cochlea from the high
frequency sensing basal turn to the low frequency sensing, apical turn (Whitlon 2004).
Outer hair cells are responsible for active amplification of sound while the inner hair cells
5
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are responsible for passive sound detection and neurotransmitter release. Each hair cell is
crowned with stereocilia (Figures 1.3 and 1.4), which are not true filament based cilia,
but instead they are modified microvilli composed of a core of cross-linked actin fibers
(Kelley 2006). Stereocilia are organized into three rows of increasing height giving a
characteristically called “stair-step” pattern. The shape of the stereocilia bundle is
dependent on the species (Kelley 2006). Outer hair cell stereocilia in mice and humans
are organized into a “V” or “W” shape, while inner hair cell stereocilia are more linear,
similar to a “)” shape. Each bundle is held together through a series of links (Moller
2006; Yost 2007) (these links will be discussed further in the next section). The
stereocilia bundles are the site for mechanotransduction in the cochlea. Located on each
bundle is a mechanically gated ion channel which opens by stereocilia deflection,
allowing for the influx of potassium and a small amount of calcium which depolarizes the
cell. This channel is a specialized channel referred to as the mechanoelectrotransduction
(MET) channel. This channel will be discussed in more detail in the next section.
After the influx of ions depolarizes the cell, an outer hair cell membrane protein,
called prestin, acts as a voltage sensor and causes the cell to undergo conformational
changes which results in contraction and elongation of the cell, a process called
electromotility. Prestin is a member of the solute or anion carrier family. Normally these
proteins help transport anions, but it is unclear how prestin functions to change the cell
length in outer hair cells (Fettiplace and Hackney 2006). Data from the prestin knockout
(KO) mouse model revealed that prestin is required for the amplification and non-linear
capacitance of outer hairs cells. The prestin KO animals showed lack of amplification of
sound as well as a significant hearing loss. The KO outer hair cells also exhibited lack of
non-linear capacitance or voltage dependant capacitance which is a known characteristic
of the outer hair cells (Liberman, Gao et al. 2002). In addition, the OHC movement
works to amplify the sound at its specific frequency. The electromotility of outer hair
cells causes the basilar membrane to vibrate more, which then results in the inner hair
cell’s MET channel opening due to the force of the endolymph and/or tectorial
membrane. Opening of the inner hair cell’s MET channel causes depolarization of inner
hair cells and release of the neurotransmitter, glutamate, onto the synapses of afferent
nerves. This starts the neuronal cascade that begins with the cochlea and travels to the
auditory cortex allowing us to hear.
1.6.5 Stereocilia
Stereocilia in the vertebrate inner ear are mechanically sensitive and composed of
several hundred cross linked F-actin filaments (Figure 1.4). F-actin is composed of
G-actin that has been polymerized in the presence of ATP (Rzadzinska, Schneider et al.
2004; Furness and Hackney 2006). In stereocilia, the G-actin to F-actin transition occurs
at the apical end or the barbed end of the actin and depolymerization occurs at the base of
the stereocilia (Lin, Schneider et al. 2005). This indicates that the monomers of actin are
added to the top of the stereocilia bundles and monomers are removed at the base of the
filaments (Furness and Hackney 2006). F-actin fibers which make up stereocilia are
present in a paracrystalline bundle which then forms the core of each of the stereocilia
7
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(Drenckhahn, Engel et al. 1991; Furness and Hackney 2006). These actin filaments are
made up of a helical structure which turns every 7.5 nm and allows them to cross-link
with their neighbors every 3.75 nm (Tilney, Egelman et al. 1983; Furness and Hackney
2006). Two proteins are thought to be components of the cross-linking actin bundles:
espin and fimbrin (Tilney, Tilney et al. 1989; Zheng, Sekerkova et al. 2000; Furness and
Hackney 2006). In addition to the cross-linkers that help to stabilize the F-actin core,
there are also linkers between the F-actin core and the membrane of the stereocilia such
as harmonin, whirlin, and vezatin. These three proteins are thought to play a role in
associating myosins and the F-actin core of the stereocilia (Frolenkov, Belyantseva et al.
2004; Furness and Hackney 2006). The dense F-actin fibers of the stereocilia taper and
insert into the F-actin-rich cuticular plate at the basal surface of the stereocilia which act
as an anchor for the stereocilia as well as providing a place for the stereocilia to pivot
(Hudspeth 1989; Whitlon 2004; Fettiplace and Hackney 2006; Vollrath, Kwan et al.
2007; Grillet, Xiong et al. 2009; Kitajiri, Sakamoto et al. 2010).
Hair cells of the inner ear of vertebrate species also contain one true cilium, called a
kinocilium (Figure 1.4). This is a microtubule based cilia with nine pairs of microtubules
arranged in a cylindrical fashion in the cilium lacking center microtubules which is called
a 9+0 tubulin arrangement. The kinocilium remains an integral part of the stereocilia
bundle vestibular hair cells throughout the life of the organism; however, in the
mammalian cochlea the kinocilium begins to regress around post-natal day two (P2) and
is gone by P10 after it has completed its role in the orchestration of the development and
organization of the hair bundle (Sobkowicz, Slapnick et al. 1995).
Development of hair cell stereocilia is a key process in the hearing cascade. In mice,
the bundles are first seen at around E15 at the base of the cochlea (Anniko 1983;
Richardson 2006). At this point, the bundles are composed of a single kinocilium and
numerous stereocilia, which are only slightly different from the stereocilia located on the
apical surface of supporting cells (Goodyear and Richardson 1997). This difference is
due to the presences of a small number of peripheral F-actin filaments in each individual
stereocilia (Tilney and DeRosier 1986; Richardson 2006; Nayak, Ratnayaka et al. 2007).
The development of the bundles progresses in three steps in mammals. The first step is
the appearance of the stereocilia and kinocilium. The kinocilium then migrates to the
periphery of the hair cell followed closely by the migration of stereocilia. Once migration
is complete, stereocilia located closest to the kinocilium begin to elongate and are
followed by stereocilia further away from the kinocilium, creating the typical stair-step
pattern. The elongation step lasts 2-3 days and is followed by the final stage, which is
thought to last up to 5 days. During the final stage, the stereocilia begins to grow in the
width and make projections into the cuticular plate (Richardson 2006; Nayak, Ratnayaka
et al. 2007). The cuticular plate, which is a dense network of actin and other cytoskeletal
components, is first visible around E17 (Anniko 1983; Richardson 2006).
After the development of the bundle, numerous links, which are known to help
maintain the function and structural integrity of the bundles, begin to develop. There are
four distinct links that can be found in the stereocilia bundle: tip links, horizontal top
connectors, shaft connectors/lateral links and ankle links (Nayak, Ratnayaka et al. 2007).
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Additionally, when the kinocilium is present, the bundle also contains kinocilial links,
first seen at E17.5 (Goodyear, Marcotti et al. 2005; Nayak, Ratnayaka et al. 2007). Not
much information is known about kinocilial links; however, they are thought to be very
similar to tip links because both are made of protocadherin15 (pcdh15) and cadherin23
(cdh23), are known to be sensitive to BAPTA, a calcium chelator, and resistant to
subtilisin, a non-specific protease (Goodyear, Marcotti et al. 2005; Nayak, Ratnayaka et
al. 2007). Each individual link is thought to play a distinct role in the structure, support
and integrity of the bundle. Links between the stereocilia are first noted at E17.5 in the
mouse and are most likely shaft connectors or lateral links. Shaft connectors are made up
of protein tyrosine phosphatase, receptor type, Q (PTPRQ) and will remain part of the
stereocilia bundle for about two weeks in outer hair cells and throughout life in the
bundles of the inner hair cells (Nayak, Ratnayaka et al. 2007). Also, at this time, tip links,
stretch from the top of the shorter stereocilia to the side of the taller stereocilia
(Goodyear, Marcotti et al. 2005). By P2, tip links and ankle links become obvious in both
inner and outer hair cells (Goodyear, Marcotti et al. 2005). Ankle links are composed of
very large G-protein receptor-1 (VLGR1) and usherin proteins (Nayak, Ratnayaka et al.
2007). Most of the ankle links are lost by P9, but corresponding to the loss is the
appearance of the first signs of the horizontal top connectors, which are composed of an
unknown protein(s). These links, in mice, are thought to have a thick central density
where they connect to the membranes of the stereocilium (Nayak, Ratnayaka et al. 2007).
At the onset of hearing around at P12, ankle links have completely regressed and shaft
connectors are beginning to regress while the horizontal top connectors are fully formed.
P19 stereocilia bundles display a mature bundle with complete horizontal links as well as
tip links (Goodyear, Marcotti et al. 2005; Richardson 2006). Due to their structure,
location and composition it is thought that tip links play a major role in the MET channel
(Tilney, Tilney et al. 1992; Nayak, Ratnayaka et al. 2007).
In addition to the core of F-actin filaments and various cross-linkers, there are
multiple unconventional myosin molecules that help in the development of hair cell
stereocilia bundles. These myosin molecules have recently been linked to the adaption of
the MET channel in the stereocilia. Mutations in different unconventional myosins cause
both structural defects in bundles as well as functional problems in the MET channel and
downstream pathways (Furness and Hackney 2006).
One of the first myosins examined was myosin 1β, which is now known as myosin1c
(myo1c). This protein is expressed at a high level at birth, but also remains a part of
stereocilia into adulthood (Dumont, Zhao et al. 2002). Myo1c has been localized to the
entire length of stereocilia bundles in both cochlear and vestibular hair cells, but is
concentrated at the tip of stereocilia bundles (Gillespie, Wagner et al. 1993; Dumont,
Zhao et al. 2002). Due to the location of myo1c at the tip of stereocilia bundles, it is
thought that it plays a role in stereocilia MET channel adaptation (Gillespie, Wagner et
al. 1993; Dumont, Zhao et al. 2002). To validate a possible role for myo1c in adaption of
the MET channel, a myo1c antagonist was used in mouse cochlear hair cells. When the
adaption of the MET channel was analyzed it was determined that there was a complete
block of the adaption property of the MET channel. This indicated that myo1c plays a
crucial role in the adaption of the MET channel in cochlear hair cells (Holt, Gillespie et
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al. 2002). Another myosin that places a critical role in the hair cell stereocilia bundles is
myosinVIIa (myoVIIa) which is localized throughout the cytosol of hair cells as well as
specifically in the base of stereocilia bundles (Hasson, Heintzelman et al. 1995; Hasson,
Gillespie et al. 1997). Mutant myoVIIa mouse models display no ability to hear as tested
by compound action potentials (CAP) and cochlear microphonics (CM) (Self, Mahony et
al. 1998). In additional, morphological phenotypes were observed by scanning electron
microscopy (SEM), which illustrates that myoVIIa is required for maintaining normal
stereocilia bundle shape and arrangement. Lack of myoVIIa has a clear impact on MET
channel of the hair cells due to the disruption of the normal stereocilia bundle shape and
the lack of CAPs (Self, Mahony et al. 1998).
MyosinVI (myoVI) is another unconventional myosin that is located in the hair cell
of the inner ear, as well as the stereocilia. Mutants in myoVI result in hearing loss as
early as three weeks of age due to degeneration of hair cells (Avraham, Hasson et al.
1995). MyoVI mutations, not only, result in hearing loss, but a distinct stereocilia
phenotype (Avraham, Hasson et al. 1995). Using SEM, myoVI mutant hair bundles
revealed bundle disorganization as early as P0 and many of the stereocilia appear fused
together creating the look of larger stereocilia (Self, Sobe et al. 1999; Nayak, Ratnayaka
et al. 2007).
Stereocilia bundles also contain a forth unconventional myosin motor, myosinXV
(myoXV) which is localized to the tip of stereocilia bundles with some expression in the
hair cell soma (Anderson, Probst et al. 2000; Nayak, Ratnayaka et al. 2007). MyoXV’s
mRNA is first expressed at E13.5 and continues into adulthood in both the inner and
outer hair cells of the mouse (Anderson, Probst et al. 2000). In mutant mouse models of
myoXV, abnormal, shorter stereocilia were detected in both outer and inner hair cells
(Anderson, Probst et al. 2000; Nayak, Ratnayaka et al. 2007). Thus, myoXV also has a
role in the development and maintenance of stereocilia bundles in the cochlea.
1.7 Mechanoelectrotransduction Channel
The ability to convert sound stimuli into electrical signal lies at the heart of the
hearing cascade. A nonselective cation channel located on the top of stereocilia bundles
known as the MET channel is a key player in this conversion. While the components of
the channel are still elusive, the transient receptor potential (TRP) family of proteins tops
the list of possible candidates.
1.7.1 Cochlear MET channel
The MET channel of the inner ear is located in the membrane of stereocilia of hair
cells. This channel opens in response to the deflection of stereocilia in the positive
direction and allows for Ca2+ and K+, from the endolymph, to flow into the hair cells.
This in turn results the depolarization of the hair cell. To better understand this process,
one must have a thorough understanding of the MET channel as a whole, including its
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components, structure, location, and characteristics; however there is limited knowledge
of this process likely due to the small number of MET channels in the ear (about 200
channels per cell), knowledge of the function and components of the MET channel is
limited (Fettiplace and Hackney 2006).
To understand mechanotransduction in cochlear hair cells, researchers first focused
on the properties of the MET channel. The first important discovery was that cochlear
hair cell bundles, composed of microvilli with a core of 1000 cross-linked actin filaments
(see section 1.6.5) (Delprat, Michel et al. 2005) are responsible for mechanotransduction
in the inner ear (Hudspeth and Jacobs 1979). Deflection of hair cell bundles opens a
nonselective cation channel, which acts as a mechanotransduction channel. The direction
of displacement of hair bundles evokes either a positive or a negative response from the
MET channel (Corey and Hudspeth 1979). Within the bundles, the MET channel is
localized to the apical tip of the shorter stereocilia in the stair-step hair bundle pattern
(Hudspeth 1982; Karavitaki and Corey 2010) with a tip link connecting individual
stereocilia to each other. It is thought that this link is possibly the gated spring of the
channel (Figure 1.5) (Corey and Hudspeth 1983; Schwander, Kachar et al. 2010). The
final two key properties of the channel are that it opens for 50 µs allowing the influx of
Ca2+ and K+ (Corey and Hudspeth 1979) and this rapid opening of the channel limits the
possible cause of transduction by eliminating possibilities such as enzymatic conversion
and diffusion (Corey and Hudspeth 1983). Finally, it is known that the MET channel has
a conductance of ~100 pS as measured by single cell recordings (Crawford, Evans et al.
1991; Geleoc, Lennan et al. 1997). Additionally, it is known that without the MET
channel, there is no stimulus to trigger the release of glutamate from the synapses of inner
hair cells, which activates the spiral ganglia (Hudspeth and Gillespie 1994). It is also
thought that the key to MET channel function lies in the gated spring model and its
ability to adapt. When stereocilia are continuously deflected in the positive manner, the
gating mechanism reduces the tension of its spring, causing the channel to close
(Hudspeth 1989). The gated "spring" channel is believed to be composed of cdh23 and
pcdh15, which recently has been shown as a heterophilic complex of pcdh15 homodimers
at the base and cdh23 homodimers at the apex (Figure 1.5) (Siemens, Lillo et al. 2004;
Kazmierczak, Sakaguchi et al. 2007).
Overall, six distinct characteristics of the MET channel have been identified: (1) It
must be a nonselective cation channel with a high selectivity for calcium ions. (2) It is
permeable to small organic molecules, such as fluorescent dyes. (3) Protein and mRNA
levels must appear in the mouse before ~E17, and (4) must increase after ~E19 in mice.
(5) The protein must be localized in the tip of stereocilia with myo1c, cdh23, and pcdh15.
(6) The loss of the tip link by BAPTA administration will abolish the function of the
channel (Corey, Garcia-Anoveros et al. 2004; Kazmierczak, Sakaguchi et al. 2007;
Waguespack, Salles et al. 2007). Despite previous efforts to characterize the MET
channel, the identity of the components of the channel remains elusive.
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1.7.2 History of MET channel identification
Since the components of the MET channel have still not been discovered, many
research groups have turned to different invertebrate species such as Caenorhabditis
elegans and Drosophila melanogaster to gain insights into possible components of the
channel and have led the field to concentrate on the TRP family of proteins.
One of the first groups to try and understand the possible components of the MET
channel examined Caenorhabditis elegans. The nematode’s nose touch involves two
sensory ciliated neurons, ASH and OLQ sensory neurons which function as the
mechanosensor of the organism. These sensory neurons help the animal better respond to
mechanical stimuli and osmotic pressure variations including different types of odorants.
These two neurons require an ion channel, OSM-9, which is a member of the transient
receptor potential-vanilloid (TRPV) family (Kaplan and Horvitz 1993; Mutai and Heller
2003). OSM-9 is located on the sensory dendrites of a specific type of ciliated neurons
(Colbert, Smith et al. 1997). OSM-9 is found either alone or with another member of the
OSM-9 and capsaicin receptor-related (OCR) proteins (Liedtke, Choe et al. 2000).
Disruption of either of these proteins causes a loss in sensory transduction in ASH
neurons. OSM-9 is also required for osmosensation and is located in the ciliated sensory
organs (Walker, Willingham et al. 2000). Electrophysiological analysis in heterologous
systems suggest that OSM-9 alone or in combination with OCR proteins can form an ion
channel (Mutai and Heller 2003). However, there is no electrophysiological data to
suggest that these channels actually contribute to the transduction process in C. elegans
(Walker, Willingham et al. 2000).
D. melanogaster is an ideal organism to use to further determine the role(s) of genes
in hearing because they can easily be genetically manipulated, in concert, with a short
generation time and large reproduction rate allowing for rapid analysis of mutants. This
organism is also valuable because it is easy to obtain electrophysiological recordings
through the neurons of mechanoreception, making them ideal for MET channel studies.
Drosophilia are known to contain two groups of mechanoreceptors. The most important
group in the study of mechanotransduction is a group that has a single ciliated sensory
dendrite on top of the sensory cell and are supported by other cell types (Mutai and Heller
2003) and are located in the Johnston’s organ of the fly. To better understand the
requirements for Drosophilia’s mechanosensation, mechanoreceptor candidate proteins,
known as nompC (TRP-nompC family) were examined. NompC mutants exhibited
virtually no mechanosensory signals as well as a lack of coordination, a loss of
mechanoreceptor currents, and defects in their channel adaptation (Walker, Willingham
et al. 2000). When nompC was analyzed in C. elegans, it was localized to the site of
transduction, further solidifying its role in transduction in both organisms (Walker,
Willingham et al. 2000).
Related to OSM-9 and nompC is the vanilloid receptor-related osmotically activated
(VR-OAC) protein known as TRPV4. These proteins are part of the transient receptor
potential-vanilloid family. In vivo it TRPV4 acts as a poorly selective cation channel
which is found strictly in vertebrates and is gated by osmotic stress. TRPV4 is the closest
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mammalian ortholog to nompC making it a likely MET channel candidate; however, it
lacks the ankyrin repeats that are seen in OSM-9 and nompC, which are thought to play a
role in the gating spring mechanism of the channel because of their stretching capacity.
This lack of ankyrin repeats in TRPV4 illustrates that they are not required for a protein
to be part of the gating complex. Examination of the mRNA expression pattern of
TRPV4 is similar to what is expected for the cochlear MET channel strengthening its
possible role in the MET channel (Liedtke, Choe et al. 2000). However, it was later
shown that TRPV4 was more sensitive to temperature (Mutai and Heller 2003).
In 2004, a protein thought to be a possible component of the MET channel was
transient receptor potential ankyrin-1 (TRPA1) (Corey, Garcia-Anoveros et al. 2004).
TRPA1 is a nonselective cation channel that has a high permeability to Ca2+, a ~100 pS
conductance, and permeability to small organic cations, including FM1-43 which is taken
up by hair cells. It also has numerous ankyrin repeats which could play an important role
in the gated spring mechanism of the MET channel. In situ hybridization Trpa1 probes
labeled cochlear hair cells. RT-PCR showed TRPA1's mRNA was expressed before hair
cells became mechanically sensitive (~E17) and increased again after ~E19. A TRPA1
antibody also labeled stereocilia of cochlear hair cells and was localized with myo1c and
cdh23. By using morpholinos in zebrafish and siRNA in mice to knock down TRPA1, the
function of the MET channel was abolished. Moreover, BAPTA, a calcium chelator,
abolished the tip links, destroying the function of the channel. Together these findings
support the hypothesis of TRPA1 as a component of the inner ear hair cell transduction
channel (Corey, Garcia-Anoveros et al. 2004).
Even though TRPA1 exhibits many of the major, important characteristics required
for the MET channel, the most important in vivo control, a knockout (KO) mouse,
demonstrated that TRPA1 was not necessary for MET channel function (Kwan,
Allchorne et al. 2006). TRPA1 KO mice have normal behavioral functions, auditory
brainstem response (ABR) results and normal FM1-43 dye accumulation. Most
importantly, transduction currents in KO mice were normal when compared to WT
controls. Single cell recording showed that the average maximal transduction currents,
resting open potential, and deflection activation were not significantly different in
TRPA1 knockout mice compared to WT littermate controls. These results have
eliminated the possibility that TRPA1 alone could be the MET channel; however, it is
possible that another redundant protein compensates for the loss of TRPA1 in the KO
mice due to the large size of the TRP family (Kwan, Allchorne et al. 2006).
Even with the knowledge from other organisms, the components of the MET channel
remains exclusive. Although, biophysical experiments have uncovered many of the
properties of the MET channel (as discussed below), the knowledge of the component of
the MET is still needed to full understand the channel.
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1.8 Polycystic Kidney Disease-1
The polycystic kidney disease-1(PKD1) locus is located at 16p13.3 in the human
genome and encodes a protein that is over 4,000 amino acids long known as polycystic
kidney disease-1 protein or polycystin-1 (PC-1). This protein is known for its role in the
formation of polycystic kidney disease, a disease that affects one in every one thousand
births. Patients with this disease will likely develop end stage renal disease and will die
without a kidney transplant (Gabow 1993; The International Polycystic Kidney Disease
Consortium, 1995; Harris, Ward et al. 1995). There are two forms of polycystic kidney
disease: dominant (ADPKD) and recessive (ARPKD). ADPKD is the more common
form with approximately 85% of the cases of the disease having mutations in the Pkd1
gene (Peters and Sandkuijl 1992; Harris, Ward et al. 1995). ARPKD affects fewer
individuals with an incidence of 1 in every 20,000 births (Harris and Torres 2009).
Patients with either form of the disease typically present with cyst filled kidneys, possible
cysts in the liver and pancreas, heart valve defects and in some rare cases, intracranial
aneurysms (Gabow 1990; Ward, Turley et al. 1996).
Pkd1 is a member of the TRP family of proteins and specifically falls into the
subfamily of the polycystin group (TRPP). This subfamily of proteins is further broken
down into two distinct groups: the Pkd1-like and the Pkd2-like. The Pkd1-like group of
proteins, which contains Pkd1, Pkd1L1-3 and PkdREJ, has very limited sequence
similarity to known TRP family members (Delmas 2005). This group of proteins has an
extremely large extracellular tail and in comparison, a very short intracellular tail. The
Pkd2-like group of proteins, containing Pkd2, Pkd2L1, and Pkd2L2, are more closely
related to TRP members and are more commonly thought of as cation channels with a
conductance of between 80-160 pS with the ability to permeate both mono- and divalent
cations including Na+, K+, Ca2+ and Ba2+ (Delmas, Padilla et al. 2004; Nilius and Voets
2005). They also have a large loop in their structure located between the first and second
transmembrane domain (Delmas 2005; Nilius and Voets 2005).
Typically, a Pkd1-like family member and a Pkd2-like member will form a functional
channel together as a heteromer. Specifically, Pkd1 and Pkd2 are thought to form a
heteromer channel in many different tissue types like the kidney. It is known that these
two molecules interact through their coil-coil domain of the C-terminus (Delmas, Padilla
et al. 2004; Nilius and Voets 2005; Nilius, Voets et al. 2005). It is thought that Pkd2-like
family members can form channels on their own; however, it is still under debate whether
Pkd1-like family members are able to form channels on their own (Nauli, Alenghat et al.
2003; Delmas 2004; Delmas, Nauli et al. 2004; Nilius and Voets 2005). Despite this
controversial piece of data, we have chosen to examine the role of Pkd1 in stereocilia of
cochlear hair cells, and to specifically investigate it as a candidate for the MET channel.
Analysis of Pkd1’s amino acid composition indicates that it is a membrane bound protein
with 9-11 transmembrane domains with the first 3,000 amino acids part of a the
extracellular N-terminal tail (Figure 1.6) (The International Polycystic Kidney Disease
Consortium, 1995; Wilson 2001; Ong and Harris 2005). This tail has multiple different
structural domains beginning with leucine-rich repeats (LRR) which are characteristic of
protein-protein interaction domains (Gay, Packman et al. 1991; Wilson 2001). LRR
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recognize extracellular proteins and help with extracellular protein attachments (Kottgen
and Walz 2005). Also in the N-terminal tail is a protein motif known as a C-type
lectin motif which is characteristic of protein-carbohydrate interactions, as well as
calcium sensitivity (Figure 1.6) (Fukuda, Hiraoka et al. 1999; Wilson 2001). The next
major motif that is present in the N-terminal tail of PC-1 is the PKD domain which has a
homology to immunoglobin (Ig) domains and is implicated in ligand binding (Wilson,
Geng et al. 1999; Wilson 2001). Another domain is the sea urchin receptor for egg jelly
(REJ) which plays a role in calcium influx in sperm, but it’s role in Pkd1 is unknown
(Wilson 2001). The final motif before the transmembrane domains is the G-proteincoupled receptor proteolytic site or GPS domain (Figure 1.6) (Kottgen and Walz 2005).
PC-1 undergoes a cis-autoproteolysis in the GPS domain which is essential to the
function of the protein (Kottgen and Walz 2005; Wei, Hackmann et al. 2007). The
transmembrane domains conclude at the beginning of the C-terminal intracellular tail
which is much smaller, ~200 amino acids. The major domain in this area of the protein is
the coil-coil domain that could also play a role in protein-protein interactions specifically
between Pkd1 and Pkd2 (Figure 1.6) (Wilson 2001).
Although it has been very difficult to elucidate the localization of PC-1, it is known to
localize in tubular epithelial cells of the kidney, specifically in the basolateral membrane
of these cells (Ibraghimov-Beskrovnaya, Dackowski et al. 1997; Peters, van de Wal et al.
1999; Wilson, Geng et al. 1999). Due to the known interaction of PC-1 in kidney cells it
is thought that the protein plays a role in stabilization specifically of epithelial cell sheets.
Additional localization clues come from PC-1 known interactions with desmin,
cytokeratin and vimentin (Kottgen and Walz 2005).
While it is still very controversial, some groups believe that PC-1 is able to form a
cation channel on its own without a member of the Pkd2-like family of proteins. Nauli et
al in 2003 showed that PC-1 was required for renal cells to sense fluid flow. Renal
epithelial cells taken from mouse models lacking PC-1 or with a mutated form of PC-1
displayed no Ca2+ intake (Nauli, Alenghat et al. 2003). Fluid flow sensation in the kidney
is a similar idea to what occurs in the cochlea when the stereocilia bundles deflect and the
MET channel opens allowing the influx of Ca2+ and triggering depolarization of the cell.
We believed that the similarities between the roles of PC-1 in renal epithelium cells
and function of the currently unidentified cochlear MET channel makes PC-1 a good
candidate for the MET channel. We predicted that PC-1 mutant mice would have defects
in the MET channel function, as well as hearing loss.
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CHAPTER 2. PKD1 IN THE COCHLEA
2.1 Introduction
Due to its size, location and boney exterior, the cochlea has historically been ignored
when spatial and temporal aspects of a novel protein are examined. However, data is
slowly beginning to accumulate for new proteins playing a role in the inner ear. Many
proteins thought to play a role in the inner ear are being examined through mRNA and
protein expression patterns, biochemical interactions, and KO mouse models. One of the
newest proteins to be implicated in the hearing cascade is PC-1.
PC-1 has recently come to the forefront as a possible component of the MET channel
(Fettiplace 2009). Knowledge of PC-1 from other organs, specifically the kidney,
suggests the possible association of PC-1 with mechanotransduction channels. Here, we
plan to examine spatial and temporal expression patterns of Pkd1 and PC-1 as a way to
determine if PC-1 could be a component of the MET channel.
2.2 Methods and Materials
2.2.1 Mice
Mice used in these studies were housed in the Animal Resources Center of St. Jude
Children’s Research Hospital. The care and use of the mice during the course of this
study were approved by the Institutional Animal Care and Use Committee at St. Jude
Children's Research Hospital, Memphis, Tennessee.
2.2.2 Mouse models
The Pkd1-EGFP bacterial artificial chromosome (BAC) transgenic mouse model was
obtained through the mutant mouse regional resource center (New York, NY) (Gong,
Zheng et al. 2003). The Pkd1-HA (PC-1 HA KI) knockin mouse model was obtained
from A. Boletta (Milan, Italy) (Wodarczyk, Rowe et al. 2009).
Mice tails were biopsied and genomic DNA was extracted using an alkaline heat
shock method followed by PCR (Table 2.1) with gene specific primers (Table 2.2). PCR
product results were run on a 2% agarose gel and visualized using either GelRed
(Biotium Inc., Haywood, CA) or ethidium bromide staining.
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Table 2.1 PCR protocols
Mouse model

Pkd1-EGFP

Pkd1-HA

PC-1 KI

PC-1 flox

Math1CreER

1: Initial melting

94°C, 3 minutes

95°C, 10 minutes

94°C, 5 minutes

95°C, 4 minutes

95°C, 5 minutes

2: Denaturation

94°C, 30 seconds

94°C, 45 seconds

94°C, 30 seconds

95°C, 30 seconds

94°C, 30 seconds

3: Annealing

60°C, 45 seconds

58°C, 45 seconds

55°C, 30 seconds

58°C, 45 seconds

56°C, 30 seconds

4: Elongation

72°C, 45 seconds

72°C, 45 seconds

72°C, 30 seconds

72°C, 45 seconds

72°C, 30 seconds

Repeat steps 2, 3, 4

30

30

35

35

30

5: Amplification

72°C, 10 minutes

72°C, 10 minutes

72°C, 10 minutes

72°C, 5 minutes

72°C, 5 minutes

6: Hold

4°C, ∞

4°C, ∞

4°C, ∞

4°C, ∞

4°C, ∞
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Table 2.2 Genotyping primers
Gene

Forward primer, 5’-3’

Reverse primer, 5’-3'

Band size

Pkd1-EGFP

CCTACGGCGTGCAGTGCTTCAGC

CGGCGAGCTGCACGCTGCGTCCTC

300 bp (EGFP allele)

Pkd1-HA

CACAATGGACCTCCTTCCTC

GGCGTCGACTCATTAAGATC
(KI allele)
TCTGAGAGGCCAGTGTGAAG (wildtype allele)

225 bp (WT allele) and 519 bp
(KI allele)

PC-1 KI

CCAAACAACTCAGACCAGG

ACCAGGACAGCAAGAAAAC

PC-1 flox

CTATAGGACAGGGATGACA

CCCTTACCAACCCTCTTTA

Math1CreER

AGCGATCGCTGCCAGGAT

ACCAGCGTTTTCGTTCTGCC

280 bp (WT allele) and 329 (KI
allele)
850 bp (WT allele) and 900 bp
(Flox allele)
400 bp (Cre allele)
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2.2.3 Laser capture
To determine which cell types expressing Pkd1, laser capture microdissection was
performed using the PixCell II system (Arcturus Mountain View, CA). P30 WT mice
were anesthetized using Avertin (0.5 mg/g) and cardiac perfusions of 4%
paraformaldehyde (PFA) in phosphate buffered saline (PBS). The cochleae were then
post-fixed overnight with 4% PFA at room temperature and decalcified in 125 mM
ethylenediaminetetraacetic acid (EDTA) at 4ºC. Cochleae were prepared for embedding
in paraffin by dehydration in ascending concentrations of alcohol and then embedded into
paraffin. Cochleae were sectioned at a 12 μm thickness and mounted on uncharged slides
(6 sections on each slide). The sections were then deparaffinized and cells from each
section were captured including inner hair cells, outer hair cells, Deiters cells, Claudius
cells and glial cells from 8 slides from each mouse. We identified the cells of interest
based on morphology as well as location in the section. Each cell type was pooled
together for RNA purification. The Paradise Whole Transcript RT Reagent System
(Arcturus, Mountain View, CA) was used to purify the RNA and cDNA was reverse
transcribed with the same kit as above.
2.2.4 mRNA collection
Whole cochlea samples were collected and quickly snap frozen with liquid nitrogen.
RNA was isolated using the 5´ Prime RNA isolation kit (Fisher Scientific, Pittsburg, PA).
2.2.5 cDNA creation
cDNA was produced using a high capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA).
2.2.6 Reverse transcriptase PCR (RT-PCR)
Laser captured cell types then underwent RT-PCR with primers (Table 2.3) designed
for various genes using a BioRad thermo iCycler with the cycling parameters of 94°C for
4 minutes, 30 cycles of 94°C for 30 seconds, 60°C for 30 seconds and 72°C for 30
seconds with a final 72°C 5 minute step. cDNA from P9 whole cochlea samples were
used as a positive control and RNA of P9 whole cochlea without reverse transcription
was prepared as a negative control.
2.2.7 Quantitative real time PCR (qRT-PCR)
Reactions were completed with primer/probe sets designed using Primer Express®
software (Applied Biosystems, Foster City, CA) and TaqMan (Applied Biosystems,
Foster City, CA) universal master mix. Probes were designed with a 5′ FAM and 3′ BHQ
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Table 2.3 RT-PCR primers
Gene

Forward primer 5’ to 3’

Reverse primer 5’ to 3’

Pkd1

CTGCCTTGGCTATGGTGGAC

AGGCAGCCAGTTCTGGCAGC

Β-actin

AATTTCTGAATGGCCCAGGT

TGTGCACTTTTATTGGTCTCAA

with sequences as followed (5’ to 3’) Probe: CGGCCAGGTGCACTGCGTGA, reverse
primer: CCCAGCACAGTGAGTGTGAAGA and forward primer:
CACCGGCATGAATCTGGTAGT. Each reaction was performed in duplicate and run
with gapdh controls and well as non-template reaction controls. Experiments were
performed using the ABI 7900 HT Sequence Detection System (Applied Biosystems,
Foster City, CA) and results were normalized to gapdh controls.
2.2.8 Immunostaining
Mice were cardiac perfused with 4% PFA and inner ears were removed from the
perfused animals and post-fixed for thirty additional minutes in 4% PFA. Adult age inner
ears were decalcified in 120 mM EDTA, while younger age samples did not require this
decalcification step. For sections, ears were placed into 30% sucrose overnight and then
sectioned using a Leica CM3050 S at 12 µm. For whole mount immunostaining, cochleae
were dissected into basal, midbasal and apical pieces. Sections or whole mounts were
washed with 10 mM phosphate-buffered saline (PBS) and blocked (1% bovine serum
albumin, 10% goat serum and 1% Triton X-100) for 1 hour at room temperature. Primary
antibodies were then applied in 1% bovine serum albumin, 5% goat serum and 0.1%
Triton X-100 and incubated overnight at 4ºC. Primary antibodies include: rat anti-HA
(1:100, Roche Molecular Systems, Branchburg, NJ), rabbit anti-alpha acetylated tubulin
(1:200, Sigma-Aldrich, St. Louis, MO), rabbit anti-cadherin 23 (1:500, a kind gift from
Peter Gillespie) and rabbit anti-espin (1:5000, a kind gift from Stefan Heller). Samples
were washed with PBS and incubated at room temperature for 2 hours in secondary
antibodies (goat anti-rabbit Alexa-488 or 568 (1:1000, Invitrogen, Carlsbad, CA) or goat
anti-rat Alexa-488 or 568 (1:1000, Invitrogen, Carlsbad, CA) diluted in the same solution
as primary antibodies. Samples were again washed with PBS and rhodamine phalloidin
(1:40, Invitrogen, Carlsbad, CA) and nuclear stain (Hoechst 33342, 1:2000, Invitrogen,
Carlsbad, CA) were applied for 20 minutes at room temperature, followed by a final PBS
wash. Cochleae were mounted with Prolong Gold antifade reagent (Invitrogen, Carlsbad,
CA) and imaged with a Zeiss LSM 510 NLO Meta or Zeiss LSM 700 confocal
microscope.
2.2.9 Auditory brainstem response
Mice were anesthetized using Avertin (0.5 mg/g) and three electrodes were placed
subcutaneously (vertex, base of the tail, and under the external ear) to record neuronal
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stimulus. The output from the electrodes was supplied to an amplifier (HS4 Bioamp
Headstage, TDT, Gainesville, FL). Sound stimulus was delivered through the external
ear through a plastic pipette tip and fed into a high-frequency transducer in a controlled
acoustic chamber (Industrial Acoustics, Bronx, NY). Mice were then subjected to tone
pips of 4, 6, 12, 16, 22 and 32 kHz were generated through a Tucker Davis Technologies
(TDT, Gainesville, FL) workstation. Auditory thresholds were measured by increasing
sound intensities from 5 dBs to 80 dBs in 5 dBs steps until threshold was determine by
the lack of reproducible wave patterns. Thresholds were then verified with all genotypes
and the mean threshold was calculated. Statistical tests were performed (Student’s t-test
and two-way ANOVA) and the data was graphed using GraphPad Prism Version 5
software (Graphpad Software, Inc., La Jolla, CA).
2.2.10 Cell culture
Renal epithelial kidney cells (CL1) purchased from the American Type Culture
Collection were grown in Minimum Essential Medium (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (Invitrogen, Carlsbad, CA). Cells were
transfected with mPkd1-Halo (F. Qian, unpublished) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Cells were then stained with a rabbit anti-Halo antibody
(1:200, Promega, Madison WI) and rhodamine phalloidin (1:40, Invitrogen, Carlsbad,
CA).
2.3 Results
2.3.1 Pkd1 mRNA expression analysis
To analysis the mRNA expression pattern of Pkd1 in the cochlea, we utilized three
methods. The first method employed was laser capture microdissection followed by
RT-PCR. Using this technique, we captured both types of hair cells as well as glial cells
and supporting cells (Dieters and Claudius cells). At P30, Pkd1 was expressed in both
IHC and OHCs, but not in other cell types (Figure 2.1).
As a secondary method to further examine Pkd1 mRNA expression, we wanted to
understand the temporal expression pattern. By examining RNA extracted from whole
cochlear samples at different developmental time points with qRT-PCR, we were able to
see a temporal and quantitative expression pattern for Pkd1. After normalization of Pkd1
RNA with the housekeeping gene, gapdh, we found that Pkd1 is expressed at all ages
tested, from E14.5 to adult. The amount of Pkd1 mRNA peaks at E17.5, slowly decreases
and then levels off postnatally (Figure 2.2). This peak corresponds with the onset of MET
channel function (Corey, Garcia-Anoveros et al. 2004) indicating Pkd1 could play a role
in the MET channel. These results further confirm the presence of Pkd1 shown in the
laser capture microdissection experiment as well as the addition of a temporal expression.
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An additional method was used to analyze both the cell type expression and temporal
expression pattern of Pkd1. A BAC transgenic mouse model with the addition of an
internal ribosome entry site (IRES) followed by enhanced green fluorescent protein
(EGFP) into the Pkd1 gene was obtained (Gong, Zheng et al. 2003). This mouse model
allows us to visualize cell types that express Pkd1 through EGFP expression. After
examination of the BAC transgenic Pkd1 IRES EGFP mouse model, we localized Pkd1
to all areas of the organ of Corti at all ages tested (Figure 2.3) with a decrease in
expression at older ages in all cell types. This was expected as Pkd1 has the highest
expression at early ages in the mouse (Wilson 2008).
2.3.2 PC-1 expression pattern
In addition to determining the mRNA expression pattern, the protein level of Pkd1 or
PC-1 also needed to be determined. Due to the lack of reliable PC-1 antibodies, it has
been difficult to determine its localization in the cochlea as well as in other tissues. We
tried numerous commercially available antibodies (polycystin-1 C-20 and P-15, Santa
Cruz 10372 and 10370 respectively) as well as a collaborator’s C-terminal antibody, but
all failed to work for immunohistochemisty (Yu, Hackmann et al. 2007). Additionally,
we created our own N-terminal antibody in the LRR of the protein, but again this
antibody did not work for immunohistochemistry. All of these antibodies worked
successfully for western blot analysis so we believe that without the denaturing process,
the epitopes are masked from detection. Because of this problem, we took advantage of a
recently published knock-in mouse model in which PC-1 has the addition of three
hemagglutinin (HA) tags to the C-terminus before the stop codon, PC-1 HA KI. The
addition of these tags do not interfere with the subcellular localization or function of PC1 in kidney epithelial cells (Wodarczyk, Rowe et al. 2009); however, we needed to
ensure that the HA tags do not affect the protein function in the cochlea. ABR analysis of
the PC-1 HA KI compared to WT indicated no significant auditory differences (Figure
2.4). This indicates that PC-1 HA has normal function in the cochlea and implies it will
additionally have normal localization.
Using the PC-1 HA KI mouse model, we determined the protein expression pattern in
the cochlea. Whole mount analysis of PC-1 HA KI cochleae at P0 showed a specific
staining pattern similar to the stereocilia bundle staining pattern. Upon further
examination at this young age, indeed, the PC-1 staining pattern was consistent with the
F-actin staining pattern in stereocilia bundles, both IHC and OHCs and was uniform
throughout the whole stereocilia bundle. The PC-1 staining appeared most intensely with
the stereocilia bundles, but a small amount of protein was also detected in the hair cell
cuticular plate and lateral wall, which also contains F-actin (Figure 2.5A-D).
Additionally, we wanted to determine whether PC-1 was also localized with the only
true cilium in the stereocilia bundle. The kinocilium is tubulin based similar to the cilia in
the renal epithelium cells. Using immunostaining for both the kinocilium (acetylated αtubulin) and stereocilia (F-actin) as well as HA for PC-1 localization, we determined that
there was no colocalization between the HA and the kinocilium (Figure 2.5A-C). This
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Figure 2.4 PC-1 HA KI mice have normal hearing thresholds
ABR measurements indicate PC-1 HA KI (gray) have normal hearing as compared to
WT (black) littermates. Data is expressed as mean ± S.E.M., * p < 0.05.
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result contradicts to PC-1’s localization in the cilia of renal epithelia cells.
In the process of determining PC-1’s localization, we realized that its protein
expression was very low in the specific tissue we were examining and as a result we
needed to ensure that the staining pattern was a true representation of the protein
expression in the tissue. To confirm the protein expression of PC-1, we examined pixel
intensity of F-actin and HA staining in both WT and PC-1 HA KI mice and determined if
the staining was background or if it was true staining. By taking measurements of the
pixel intensities for both fluorophores in the stereocilia bundle and subtracting out the
background of the sample again for each fluorophore, we were able to determine an
intensity value for each scenario (Figure 2.5D-F). The intensity data indicated that the
staining pattern we saw for HA in the stereocilia bundles was indeed a true signal and
pattern.
As a way to further examine the localization of PC-1 with F-actin, we examined raw
fluorescence pixel intensity in our images, using line intensity analysis to see if increases
in F-actin staining correlated with an increase in HA staining. Figure 2.6A and A’
demonstrated an examination of a WT cochlea with peaks in intensity of F-actin staining
correlating with stereocilia bundles and no correlation of HA staining with stereocilia
bundles. Examination of the PC-1 HA KI cochlea, in addition to correlation of an
increase in F-actin staining intensity with bundles, we also saw a heightened HA intensity
signal (Figure 2.6B,B’). In a similar way we examined the cell body level and if there
was any HA staining in the cytoplasm and cell membrane of hair cells. Fluorescence
intensity from this experiment showed an increase in F-actin staining in the membrane of
hair cells, but only a background level of HA staining (Figure 2.6C,C’). This analysis of
fluorescence intensities throughout the hair cells, illustrated more specifically the staining
pattern of PC-1 and how it is restricted to stereocilia of hair cells.
As a further way to examine localization of PC-1 in stereocilia, we wanted to
examine colocalization between F-actin and PC-1 only in the stereocilia area using
correlation coefficients. Using two different correlation coefficients, a Pearson’s
correlation and a Mander’s overlapping coefficient, a correlation between F-actin and HA
staining patterns was revealed. The Pearson’s correlation coefficient gave a correlation
between F-actin and PC-1 of p=0.68, while the overlapping coefficient after Mander’s
indicated a higher correlation at p=0.86. This shows a significant correlation between
F-actin and PC-1 in hair cell stereocilia bundles indicating that these two proteins are colocalized.
2.3.3 Expression of PC-1 in a renal epithelial cell line
As an independent method to determine the localization of PC-1, we used the renal
epithelial cell line, CL1, transfected with PC-1. CL1 cells are a polarized renal epithelial
cell line that are commonly used in the hearing field because their actin based microvilli
projections are similar to hair cell stereocilia (Loomis, Zheng et al. 2003; Sekerkova,
Zheng et al. 2004; Zheng, Zheng et al. 2010). We chose a mouse Pkd1 construct with a
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Halo tag (mPkd1-Halo) to visualize the location of PC-1. HaloTag is a relatively new
protein tagging system which allows for multiple analytical processes to be monitored
with one tag. In addition to antibody localization, HaloTag can also be localized through
ligand binding (Los, Encell et al. 2008). Using this construct, we localized PC-1 to
microvilli of transfected cells (Figure 2.7A-D). We were also able to confirm the
colocalization of actin and mPkd1-Halo with measuring fluorescent intensities of PC-1
and actin. Line intensity plots indicate that there is localization of both actin and PC-1 in
the microvillia of the cells (Figure 2.7A’-D’). As additional confirmation, we expressed
this construct into HeLa cells and examined their filopodia which are also actin based.
Indeed, PC-1 and actin were both localized to the actin-based filopodia in the cells
(Figure 2.7G). These results are in agreement with Madin Darby canine kidney (MDCK)
cells exhibiting actin and PC-1 colocalization as well as PC-1 requirement for proper cell
migration (Boca, D'Amato et al. 2007). The expression of PC-1 in other areas of CL1 and
HeLa cells is likely due to over-expression of PC-1. Additionally, the use of a renal
epithelial cell line might lead to more understanding of PC-1’s function in the kidney as
well as supports the idea that PC-1 does co-localize with actin in stereocilia of inner ear
hair cells.
As further confirmation of PC-1 localization in cell lines, in CL1 cells, we transfected
a mutated version of PC-1. This construct contains an amino acid substitution in PC-1’s
GPS domain (PC-1T3041V Halo) which renders the protein nonfunctional (Yu, Hackmann
et al. 2007). This mutated PC-1 construct does not localize to microvilli, but instead
localized to the endoplasmic reticulum with some cells showing weak expression in the
cytoplasm and nucleus (Figure 2.7E,F). This outcome was unexpected as it was
previously assumed that mutated PC-1 would still make it to the cell membrane, but just
be non-functional as a result of the lack of N-terminal cleavage (Yu, Hackmann et al.
2007). This now suggests that the T3041V mutation not only renders a non-functional
PC-1 protein, but also causes the protein to be mislocalized.
2.4 Conclusions
The abundance of TRP family members in the cochlea is known to a certain degree;
however, the presence of Pkd1 has not been thoroughly examined. We have used two
mouse models, as well as a renal epithelial cell line, to obtain further data to elucidate the
expression pattern of Pkd1 and its protein counterpart PC-1.
Pkd1’s mRNA was localized in cochlear hair cells through laser capture
microdissection and RT-PCR; however, using a transgenic mouse model, the Pkd1-BAC
EGFP mice, we found Pkd1 expression throughout the cochlea, more specifically in all
cell types of the organ of Corti. These results were expected as PC-1 is known for its
presumed ubiquitous protein expression; additionally, PC-1 is down regulated at adult
ages (Wilson 2008). This down regulation can help explain the lack of Pkd1 in all cell
types as seen with the laser capture. Even though we found ubiquitous expression of
mRNA, the expression in hair cells was still an important discovery. Pkd1 expression
also in the stria vascularis area of the cochlea is not surprising as these cells help maintain
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Figure 2.7 CL1 and HeLa cells transiently transfected with a mPkd1-Halo construct
A-D: Image slices of a transfected CL1 cell from base (A) to top of microvilli (D) stained
with Halo (green) and F-actin (red). A’-D’: Corresponding line intensity measurements of
each protein indicating strong co-localization of Halo (green) and F-actin (red) in
microvilli. E: Halo-PC-1T3041V shows no localization with actin in the microvilli of the
CL1 cells. F: Halo-PC-1T3041V appears mostly localized to the cytoplasm specifically in
the endoplasmic reticulum. G: Halo (green) and F-actin (red) are also co-localizated in
the filopodia of HeLa cells transfected with mPkd1-Halo. All scale bars: 5 µm.
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the endolymph potential. While Pkd1-BAC-EGFP mice were an important tool to
uncover cellular localization, it could only reveal which cells expressed Pkd1 because the
EGFP was inserted after an IRES locus.
It is believed that for a protein to be a part of the MET channel the mRNA needs to
peak at ~E17.5. Additionally, known components of the MET channel complex also have
been shown to have a peak in their mRNA expression at ~E17.5 (Corey, GarciaAnoveros et al. 2004; Lelli, Asai et al. 2009). Our examination of the temporal
expression pattern of Pkd1 demonstrates a peak in mRNA expression of Pkd1 at E17
which is consistent with PC-1 being a component of the MET channel in the inner ear.
As subcellular localization remains controversial even in kidney cells, we have used
several different methods to establish a thorough and reliable method to detect PC-1
expression. The lack of previous expression pattern data was likely due to the ambiguity
of antibodies, variability of staining conditions and the low level of PC-1 expression in
various tissues. An effective avenue to precisely localize difficult proteins such as PC-1 is
using a biochemically tagged KI mouse models. These tags are small and easily traceable
using well characterized antibodies that do not affect the subcellular localization of
endogenous proteins. We have used this approach successfully here and revealed the
previously unappreciated PC-1 subcellular localization. This approach would also be very
useful in the hearing field with where few antibodies are available for hair cell specific
proteins.
It is known that the MET channel is located on the top of the shorter rows of
stereocilia with tip links connecting the shorter stereocilia to the tallest stereocilia behind
it (Beurg, Fettiplace et al. 2009). This information along with the localization of tip links
(Pickles and Corey 1992; Kazmierczak, Sakaguchi et al. 2007; Nayak, Ratnayaka et al.
2007) allows us to predict where the protein components of the MET channel should be
located. Using the PC-1 HA KI mouse model to localize PC-1 based on the expression
pattern of HA, we found that PC-1 was localized throughout the entire F-actin stereocilia
bundles in cochlear hair cells and we also found colocalization of PC-1 with actin in a
renal epithelia cell line. This was not as expected as a component of the MET channel
should only be localized to the tip of the stereocilia; however, we cannot rule out PC-1 as
an MET channel component because we have not measured the channel’s function.
Localization of PC-1 with actin has already been shown in vitro where it is known to
cause actin cytoskeleton arrangement during cellular migration (Boca, D'Amato et al.
2007; Markoff, Bogdanova et al. 2007). In contrast, we did find PC-1 localization with
tubulin-based kinocilium. The finding is interesting as it is believed that PC-1 is localized
within the tubulin-based cilia in the kidney (Nauli, Alenghat et al. 2003; Nauli, Rossetti
et al. 2006); however, this localization is controversial in the renal field and structural
analysis of PC-1, specifically the coil-coil domain of PC-1 suggests that PC-1 may bind
to actin (Qian, Germino et al. 1997). Together these data indicates that in the cochlea,
PC-1 is binding with F-actin throughout the stereocilia bundles and the possibility of PC1 plays a role in the MET channel still remains.
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CHAPTER 3. TESTING PC-1 AS A COMPONENT OF THE MET CHANNEL IN
THE COCHLEA
3.1 Introduction
Although researchers are working diligently to elucidate the hearing process, an
understanding of the MET channel remains elusive. While properties of the MET channel
have been studied in detail using biophysical methods and a number of molecules have
been identified to help understand the processes of adaptation to machinery as well as the
channel localization (Beurg, Nam et al. 2008; Beurg, Fettiplace et al. 2009; Gillespie and
Muller 2009; Karavitaki and Corey 2010; Lelli, Kazmierczak et al. 2010), the channel
still remains exclusive. The knowledge that is known is still greatly limited by a lack of
molecular and structural characteristics of the channel.
In the previous chapter it was determined that the spatial and temporal pattern of PC1 expression in the inner ear allows for a potential role of PC-1 in the MET channel. To
understand the implications of PC-1’s role in the MET channel, we examined the
channel’s ability to function in the absence of PC-1, in addition to the function of the
system as a whole. Using two independent mouse models of PC-1 mutations, we
analyzed the functional consequences of loss of PC-1 in the cochlea.
3.2 Methods and Materials
3.2.1 Mice
Mice used in these studies were housed in the Animal Resources Center of St. Jude
Children’s Research Hospital. The care and use of the mice during the course of this
study were approved by the Institutional Animal Care and Use Committee at St. Jude
Children's Research Hospital, Memphis, Tennessee.
3.2.2 Mouse models
The Pkd1 transgenic KI mouse model was provided by F. Qian (Johns Hopkins
University, Baltimore, MD) (Yu, Hackmann et al. 2007). The Math1CreERTM was
obtained through S. Baker at St. Jude Children’s Research Hospital (Memphis, TN)
(Chow, Tian et al. 2006). The transgenic Pkd1 floxed allele mouse model was obtained
from G. Germino (Johns Hopkins University, Baltimore, MD) (Piontek, Huso et al.
2004).
Mice tails were biopsied and genomic DNA was extracted using an alkaline heat
shock method followed by PCR (Table 2.1) with gene specific primers (Table 2.2). PCR
product results were run on a 2% agarose gel and visualized using either GelRed
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(Biotium Inc., Haywood, CA) or ethidium bromide staining.
3.2.3 Removal of cochleae
For young animals, the cochleae were removed after rapid decapitation of the animal.
The dye uptake assays requires the cochlea to be kept alive by placing them into artificial
perilymph. For MET channel measurements, the cochleae were dissected and placed into
culture media until the measurements were performed (Lelli, Asai et al. 2009).
3.2.4 Dye up-take assays
P5-P7 mice were decapitated, cochleae were removed and place into artificial
perilymph (5 mM KCl, 10 mM Hepes, 45 mM NaCl, 105 mM NaOH, 24 mM NaHCO3,
100 mM lactobionic acid with a pH of 7.3 and an osmolarity of 317 mosmol 1-1). The
apical portion of the cochleae was opened and FM1-43 dye (5 µM in artificial perilymph)
was flushed through the round window. Cochleae were allowed to bathe in FM1-43 for
60 seconds (for FM3-25 the cochlea was maintained in the dye for 60 minutes) before
they were rinsed three times with artificial perilymph. In the case of
dihydrosphingomyelin (DHSM) blocking of the channel, cochleae were incubated in
1mM DHSM for 5 minutes prior to dye exposure. DHSM was also added to the artificial
perilymph at a 1 mM concentration. After dye uptake, the cochleae were then fixed in 4%
PFA for 30 minutes at room temperature, dissected and visualized using a Zeiss 540
multiphoton microscope.
3.2.5 Mechanoelectrotransduction channel measurements
Cochlear hair cell measurements were recorded from P4/P5 explant cultures as
previously described (Lelli, Asai et al. 2009).
3.2.6 Auditory brainstem response
Mice were anesthetized using Avertin (0.5 mg/g per body weight) and three
electrodes were placed subcutaneously (vertex, base of the tail, and under the external
ear) to record neuronal stimulus. The output from the electrodes was supplied to an
amplifier (HS4 Bioamp Headstage, TDT, Gainesville, FL). Sound stimulus was delivered
through the external ear through a plastic pipette tip and fed into a high-frequency
transducer in a controlled acoustic chamber (Industrial Acoustics, Bronx, NY). Mice
were then subjected to tone pips of 4, 6, 12, 16, 22 and 32 kHz were generated through a
Tucker Davis Technologies (TDT, Gainesville, FL) workstation. Auditory thresholds
were measured by increasing sound intensities from 5 dBs to 80 dBs in 5 dB steps until
threshold was determine by the lack of reproducible wave patterns. Thresholds were then
verified with all genotypes and the mean threshold was calculated. Statistical tests were
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performed (Student’s t-test and two-way ANOVA) and the data was graphed using
GraphPad Prism Version 5 software (Graphpad Software, Inc., La Jolla, CA).
3.2.7 Distortion product otoacoustic emissions
Mice were anesthetized with Avertin (0.5 mg per gram of body weight), and DPOAE
2f1 − f2 responses were recorded at a range of frequencies (6–22 kHz) using two EC1
speakers coupled via an ER10B microphone probe (Etymotic Research, Elk Grove
Village, IL) within the acoustic probe and the TDT BioSig II system. The signal duration
was 83.88 msec, and the repetition rate was 11.92/sec. f1 and f2 were each passed
through an RX6 MultiFunction Processor (TDT, Gainesville, FL) for digital/analog
conversion to PA5 programmable attenuators. Ear canal sound pressure was recorded
with an ER10B+ low-noise microphone (gain 0×) and probe (Etymotic Research, Inc, Elk
Grove Village, IL) housed in the same coupler as the f1 and f2 speakers. The output of
the ER10B+ amplifier directly went to an RX6 MultiFunction Processor (TDT,
Gainesville, FL) for analog/digital conversion for sampling at 200 kHz. Fast-Fourier
transforms were performed from averaged responses using TDT BioSig software on the
resultant waveform. The noise floor was defined as the average of the sound levels of 10
frequency bins above and below the 2f1 − f2 frequency bin. Thresholds were determined
if the 2f1 − f2 measurement was higher than two standard deviations from the noise floor.
Individual mouse thresholds were averaged for each frequency tested and compared to
corresponding frequencies in controls using a two-way ANOVA followed by a Student’s
t test with a Bonferroni correction with GraphPad Prism Version 5 software (Graphpad
Software, Inc., La Jolla, CA).
3.3 Results
3.3.1 PC-1 mutant mouse models
To test the role of PC-1 in the MET channel of the inner ear, we examined two PC-1
mutant mouse models. Numerous PC-1 germline KO mice have been created; however,
they result in embryonic lethality most likely due to cardiac abnormalities, vascular
lesions and placental defects (Boulter, Mulroy et al. 2001; Lu, Shen et al. 2001; Muto,
Aiba et al. 2002). To avoid embryonic lethality, we examined a PC-1 non-functional KI
model and a hair cell specific CKO model. These two independent Pkd1 mouse models
will allow for an understanding of PC-1’s role in the inner ear.
The first mouse model examined was a KI mouse model (termed PC-1 KI model) in
which there is an amino acid substitution (T3041V) in PC-1’s GPS domain. This
mutation was shown to prevent a post-translational modification in which the
extracellular N-terminal of the protein is cleaved. The lack of PC-1 cleavage renders the
protein non-functional in the kidney with only limited residual (<10%) activity. This
residual PC-1 activity is enough PC-1 for renal developmental, but not to prevent kidney
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disease as the PC-1 KI model develops polycystic kidney disease at ~P15 and only
survives until ~P25 (Yu, Hackmann et al. 2007).
The second model was a hair cell specific CKO mouse model of Pkd1 (termed PC-1
CKO) in which the Pkd1 gene was deleted specifically in inner ear hair cells after
tamoxifen induction at P0 and P1. The PC-1 CKO model was developed by crossing a
transgenic Atoh1-CreERTM (Chow, Tian et al. 2006; Weber, Corbett et al. 2008) mouse
line with a PC-1 floxed (Piontek, Huso et al. 2004) mouse model and inducing the Cre
recombination with tamoxifen. The PC-1 CKO mouse was viable without obvious
abnormalities in other systems known to express Atoh1.
Using the two PC-1 mouse models, we wanted to examine the functionality of
cochlear hair cells by analyzing the MET channel as well as the ability for the animals to
hear. The ability of the channel to open upon deflection of stereocilia bundles is key in
the hearing cascade, which was determined by looking at dye uptake into hair cells.
Additionally, the functionality of the MET channel was examined by transduction current
measurements as well as measuring the open probability of the channel, operating range
and its ability to adapt to stimulus. In regards to hearing analysis, we performed auditory
brainstem response (ABR) and distortion product otoacoustic emissions (DPOAE) to
determine hearing thresholds. If PC-1 is a component of the MET channel, major or
minor, one would expect these tests to expose an obvious phenotype.
3.3.2 Dye up-take assays
Ability for MET channels to take up a lipophilic styryl dye was well characterized in
the hearing field as a way to analyze the MET channel’s functionality (Meyers,
MacDonald et al. 2003). To begin our analysis of the channel, we removed live cochleae
from both mutant mouse models as well as littermate controls from P7 animals and
subjected them to FM1-43 dye uptake assay. FM1-43 is a fixable dye known to be small
enough (pyridinium head with two 4-carbon tails) to enter in the MET channel. Testing
WT animals as well as both PC-1 mutant models revealed indistinguishable results
between WT and mutant mouse models in regards to their ability to take up the dye as
well as relative fluorescence (Figure 3.1). Further testing blocked the MET with
dihydrosphingomyelin (DHSM) (Griesinger, Richards et al. 2002), a large antibiotic
known to lodge in the MET channel and block entrance of other molecules into the
channel. Using the same protocol with the addition of DHSM, we saw no difference
between mutants and littermate controls. Both groups were not able to take up FM1-43
dye as indicated by the absence of staining in the hair cells (Figure 3.1). FM3-25 is
similar to FM1-43 except with two 18-carbon tails as opposed to 4-carbon tails making
the molecule larger and thus not able to enter into hair cells through the MET channel.
When this dye was applied in the same fashion as well as for an extended period of time,
there was no uptake of dye in hair cells as visualized through confocal microscopy. From
this experiment, one can conclude that the MET channel in both PC-1 KI and PC-1 CKO
models have no functional differences from their littermate controls at P7. However,
since this was not a quantitative analysis of the channel, we wanted to use more definitive
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experiments to further analysis the MET channel properties in PC-1 mutants.
3.3.3 Electrophysiology recordings of mutant mouse models
The known resting potential of hair cells is around –60 mV and opening of the MET
channels allow Ca2+ and K+ to flow into hair cells, the cells depolarize to ~0 mV. This
depolarization is caused only by the MET channel because the total conductance of the
ion influx is more than would be expected by other means of ion influx. Knowing this
information, we were able to measure the mechanoelectrotransduction current passing
through the MET channel in the presences and absences of PC-1 to help us determine if
PC-1 is required for mechanotransduction. This required isolation of the cochleae from
WT, PC-1 KI and PC-1 CKO mice and placed them into an explants culture to keep them
alive for testing. The hair cell’s stereocilia were stimulated with a glass probe in both
positive and negative directions under whole cell patch clamp conditions. Analyzing the
current change upon stair step displacements of stereocilia bundles, we found no
differences between WT and the two mutant models in regards to current responding to
different stimuli as well as the maximum transduction current (Figure 3.2A,B). Looking
more closely at the channel, we saw no significant changes in the open probability or
operating range of the MET channel (Figure 3.2C). A final aspect of the channel was
looking for possible defects in adaption. After looking at both the tau fast and slow
adaptation rates, we found no significant difference in either of the two mutants
compared to WT (Figure 3.2D). All of these measurements did not indicate any problems
in the MET channel, measured at P4/5, it is possible that if measurements were taken
later we would see a change in the channel properties; however, it is difficult if not
impossible to do these recordings after the cochlea has calcified at ~P7/8.
3.3.4 Hearing test measurements of mutant mouse models
To examine the functional ability of a PC-1 mutated cochlea at older ages, we
analyzed both genotypes of mice and WT littermates for their hearing ability. While
hearing tests are not a direct measurement of MET channel function, we needed to
determine if there were defects in other aspects of the hearing cascade. Using in vivo
ABR testing, we analyzed the hearing cascade via neuronal activity. These measurements
were obtained at P25 in PC-1 KI mice and P35 in PC-1 CKO mouse model. The younger
age was used in this experiment for PC-1 KI mice because of declining health due to their
kidney disease and eminent death (Yu, Hackmann et al. 2007). After testing the hearing
ability of both mutant animals, we found that there was a significant increase in hearing
thresholds ranging from 20 to 35 decibels (dB) at all frequency levels tested in both
mutants (Figures 3.3 and 3.4). This indicates that at adult ages the loss of PC-1 causes a
defect in the auditory pathway. As ABR tests the whole system from hair cells to the
auditory cortex where PC-1 is also expressed, we needed to explore a different analysis to
pinpoint the exact source of functional deficit in these mutant mice.
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Figure 3.2 MET channel electrophysiology measurements
A: Representative families of transduction currents recorded from wild-type, PC-1 CKO
and PC-1 KI respectively. B: Left panel shows stimulus response relationships from wildtype (black) and PC-1 KI mice (green) at P4-5. The bar graph shows the mean maximal
transduction current amplitudes (± S.E.M.) for the three genotypes. Number of cells
recorded from each genotype is indicated on the graph. No significant differences were
noted between genotypes. C: Left panel indicates the open probability of the MET
channel in wild-type (black) and PC-1 CKO (blue) mice. Right panel indicates the mean
10-90% operating range measured in nm. Number of cells is indicated. Again, no
significant differences were noted between genotypes. D: Adaptation rate of the MET
channel in both mutant models (PC-1 CKO and PC-1 KI) were measured. We found no
significant differences in the tau fast and tau slow of adaptation between the mutants and
WT littermate controls. Data are expressed as mean + SEM.

43

44

F
Figure 3.3 ABR
R waveforms of WT
W and PC-1 mutant
m
mice
A WT (A) and a PC-1 CKO (B)) ABR traces at 16 kHz with measurements
m
ran
nging from 65 ddB to 10dB. PC--1 CKO mouse exhibits an
eelevated ABR th
hreshold at 55 dB
d compared to 10 dB for the WT.
W Notice not only
o
the loss of ppeaks in the muutant traces, but also the
rright shift causeed by an increasee in response tim
me.

45

Figurre 3.4 ABR threshold
t
shiift in mutantt mice comppared to WT
R measuremeents of PC-1 CKO mice at
a P35 (A) annd PC-1 KI mice at P255 (B).
ABR
*** p < 0.001 and
d ** p < 0.01 compared to wild-typee thresholds at the corressponding
frequ
uency as deteermined by a one-way ANOVA
A
folloowed by a S
Student’s t test with a
Bonfferroni correcction, N = 4--6 per genoty
ype. In bothh figures circcles indicate WT
litterm
mates and sq
quares indicaate mutant an
nimals.

46

DPOAE, another in vivo auditory test, looks specifically at the outer hair cells’ ability
to operate by stimulating the outer hair cells with two pure tone frequencies and
measuring the response frequency of the outer hair cells (Figure 3.5). Due to the extended
period of time required by this experiment and the declining health of the PC-1 KI mouse
model including a smaller body size and a slower recovery time, we chose not use them
for this experiment. Looking at the PC-1 CKO model and their WT littermates at P35, we
found that the hearing loss found with ABR testing was attributed to a defect in outer hair
cells (Figure 3.6). DPOAE revealed a similar significant threshold elevation in responses
at 16-22 kHz. All other thresholds were also affected (Figure 3.6). While this data does
suggest that outer hair cells are the major contributor to hearing deficits in the PC-1 CKO
mice, the experiments in the previous chapter suggest that PC-1 is also expressed in inner
hair cells, thus, outer hair cells may indeed be the primary cells in which PC-1
contributes to hearing function, or there may simply be a higher percentage of outer hair
cells displaying Cre activity in the CKO models (Weber, Corbett et al. 2008).
3.4 Conclusions
Here, we examined a member of the TRP family of proteins for a possible role in the
cochlear MET channel. Over the years many TRP family members have been proposed
as components of the MET channel with PC-1 more recently being implicated (Colbert,
Smith et al. 1997; Liedtke, Choe et al. 2000; Walker, Willingham et al. 2000; Mutai and
Heller 2003; Corey, Garcia-Anoveros et al. 2004; Fettiplace 2009). PC-1 showed itself as
a possible component of the MET channel in the inner ear, due to both functional and
structural qualities. Using two independent mouse models, we were able to analyze the
relationship between MET channel function and overall hearing thresholds in regard to
the loss of PC-1. We concluded from these experiments that PC-1 was not required for
MET channel maturation and function when measured at P4/5. However, PC-1 does play
a role in outer hair cells as shown through the defect in both ABR and DPOAE output at
adult ages in mutant mice.
PC-1 has been implicated as a fluid flow sensor in renal epithelial cells as well as
having the ability to take up Ca2+ into the cells (Nauli, Alenghat et al. 2003).
Additionally, PC-1 was thought to be an excellent candidate for the MET channel
because of its channel conductance as well and its Ca2+ permeability (Owsianik, Talavera
et al. 2006). However, upon testing the PC-1 hypothesis, we found no MET channel
defects in all aspects examined. Investigation of PC-1 as the major MET channel
component through two independent mouse models of PC-1, we found no significant
differences in the transduction current (Figure 3.2). Looking closely at other aspects of
the MET channel including the open probability, operating range and adaption time
constants there was no change between mutants and their WT littermates (Figure 3.2).
We determined that in both mutant mouse models at P4/5, there was no change in MET
channel function with the loss of PC-1.
These MET channel measurements while conclusive at P4/5 do not necessarily rule
out the possibility that PC-1 has a role in the MET channel. Both mouse models used to
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Figure 3.5 DPOAE responses in WT and PC-1 mutant mice
Top image shows a WT DPOAE trace. Arrow indicates f1 while arrowhead indicated f2
pure tones. Asterisk shows 2f1-f2 distortion produce. The bottom image shows a PC-1
CKO DPOAE trace. Arrow indicates f1 while arrowhead indicated f2 pure tones.
Asterisk shows where 2f1-f2 distortion produce should be located.
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examine the MET channel have faults. The PC-1 CKO model was induced at P0 and P1
and it is known that the MET channel is functional in the basal turn as early as P0 (Lelli,
Asai et al. 2009). The presence of PC-1 in PC-1 CKO mice during development of has
the possibility to create a functional MET channel. An additional problem is the ability to
do measurements on the MET channel after ~P7 when the cochlea becomes calcified. If
PC-1’s half-life is long then when all the PC-1 has cleared the system and induction of
PC-1 is complete, it is possible there is a channel defect, but we are not physically
capable of measuring it. Additional evidence that the PC-1 CKO mouse model is
problematic is that PC-1 has the highest expression during development and diminishes
into adult hood indicating it would be more effective to delete PC-1 during development.
The second mouse model, PC-1 KI, also has faults because there is still ~10% residual
function of the protein. This residual protein function has the possibility to allow for
normal formation and function of the kidney (Yu, Hackmann et al. 2007). Nonetheless,
we are still limited in the time course of examining the MET channel. Without the ability
to measure the MET channel at adult ages, we cannot rule PC-1 out as a component of
the MET channel either as a regulatory unit or an accessory protein.
As another implication that we cannot completely rule out the MET channel
hypothesis was the hearing defects at adult ages in mutant mice that can be specifically
attributed to outer hair cells (Figures 3.3-3.6). Additionally, localization of PC-1 in
stereocilia, as shown in chapter two, contributes another piece of evidence indicating a
possible role in the MET channel. At adult ages, again when we were not able to test
MET channel function, we found significant hearing defects using both ABR and
DPOAE tests. We found a significant hearing threshold elevation at all frequencies tested
using ABR. Even though this significant threshold elevation at multiple frequencies does
not result in complete deafness, which would be expected if the MET channel is
defective, we again believe that pitfalls in our mouse models can explain these results. In
the PC-1 CKO mouse model, there is known to be incomplete Cre recombination
(~80-90% of cells undergo recombination) as displayed by reporter expression (Chow,
Tian et al. 2006; Weber, Corbett et al. 2008). Additionally, the PC-1 KI model displays
variable amounts of protein cleavage which allows there to be some residual functional
protein located in the membrane (Yu, Hackmann et al. 2007). Or as shown in the
previous chapter, the PC-1 KI mutation may cause a mislocalization of PC-1 and inability
for the protein to make it to the membrane of the cell. Both of these models result in
residual activity of PC-1, whether it is ~10% of the cells with fully functional PC-1 as is
the case with the PC-1 CKO or if each cell has ~10% of WT protein remaining as with
the PC-1 KI, leading to a possible explanation of some residual hearing ability.
To test the hypothesis that PC-1 is the major component of the MET channel, we used
both transduction channel measurements as well as hearing analysis in two independent
mutant PC-1 mouse models. However, the MET channel measurements were limited by
time and experimental mouse models, leaving the results difficult to interpret without
further analysis of the MET channel at adult ages. To further examine the hair cells
lacking PC-1, we examined the stereocilia bundles (Chapter 4). This inspection included
examination of not only the bundle morphology, but also known stereocilia components
and MET accessory components to further elucidate the role of PC-1.
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CHAPTER 4. PC-1 MUTANTS CAUSE DEFECTS IN THE STEREOCILIA
STRUCTURE OF COCHLEAR HAIR CELLS
4.1 Introduction
Various problems throughout the auditory system can result in mild hearing loss to
complete deafness. We presented in the last chapter that PC-1 mutations have the ability
to result in moderate to severe hearing loss in our mutant mouse models. However,
without a defect in the MET channel that we and others hypothesized (Fettiplace 2009)
the effect or effects of a PC-1 deletion in the cochlea is still not understood.
As the PC-1 CKO mouse model specifically deleted PC-1 in hair cells and the
localization studies revealed PC-1 location in stereocilia, we narrowed down our
examination to stereocilia bundles. While it is normally thought that mutants in proteins
that cause bundles defects also cause MET channel defects (van Aken, Atiba-Davies et
al. 2008; Michalski, Michel et al. 2009; Lelli, Kazmierczak et al. 2010), some bundle
mutants do not necessarily result in MET channel defects (Stepanyan, Belyantseva et al.
2006; Kitajiri, Sakamoto et al. 2010). For these reasons, we suspected that PC-1 was
playing a role in stereocilia and loss of PC-1 results in a stereocilia mutation causing the
hearing loss.
4.2 Methods and Materials
4.2.1 Mice
Mice used in these studies were housed in the Animal Resources Center of St. Jude
Children’s Research Hospital. The care and use of the mice during the course of this
study were approved by the Institutional Animal Care and Use Committee at St. Jude
Children's Research Hospital, Memphis, Tennessee.
4.2.2 Mouse models
The Pkd1 transgenic KI mouse model was provided by F. Qian (Johns Hopkins
University, Baltimore, MD) (Yu, Hackmann et al. 2007). The Math1CreERTM was
obtained through S. Baker at St. Jude Children’s Research Hospital (Memphis, TN)
(Chow, Tian et al. 2006). The transgenic Pkd1 floxed allele mouse model was obtained
from G. Germino (Johns Hopkins University, Baltimore, MD) (Piontek, Huso et al.
2004).
Mice tails were biopsied and genomic DNA was extracted using an alkaline heat
shock method followed by PCR (Table 2.1) with gene specific primers (Table 2.2). PCR
product results were run on a 2% agarose gel and visualized using either GelRed
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(Biotium Inc., Haywood, CA) or ethidium bromide staining.
4.2.3 Immunostaining
Mice were cardiac perfused with 4% PFA and inner ears were removed and postfixed for 30 minutes at room temperature in 4% PFA. Adult age inner ears were
decalcified in 120 mM EDTA, while younger age samples did not require this
decalcification step. For sections, ears were placed into 30% sucrose overnight and then
sectioned using a Leica CM3050 S at 12 µm. For whole mount immunostaining, cochleae
were dissected into basal, midbasal and apical sections. Sections or whole mounts were
washed with 10 mM PBS and blocked (1% BSA, 10% goat serum and 1% Triton X-100)
for 1 hour at room temperature. Primary antibodies were then applied in 1% BSA, 5%
goat serum and 0.1% Triton X-100 and incubated overnight at 4ºC. Primary antibodies
include: rabbit anti-alpha acetylated tubulin (1:200, Sigma-Aldrich, St. Louis, MO),
rabbit anti-cadherin 23 (1:500) and rabbit anti-espin (1:5000). Samples were washed with
PBS and incubated at room temperature for 2 hours in secondary antibodies goat antirabbit Alexa-488 or 568 (1:1000, Invitrogen, Carlsbad, CA) diluted in the same solution
as primary antibodies. Samples were again washed with PBS and rhodamine phalloidin
(1:40, Invitrogen, Carlsbad, CA) and nuclear stain (Hoechst 33342, 1:2000, Invitrogen,
Carlsbad, CA) was applied to the samples for 20 minutes at room temperature, followed
by a final PBS wash. Cochleae were mounted with Prolong Gold antifade reagent
(Invitrogen, Carlsbad, CA) and imaged with a Zeiss LSM 510 NLO Meta or Zeiss LSM
700 confocal microscope.
4.2.4 Hematoxylin and eosin stain
12 µm paraffin sections were stained with standard hematoxylin and eosin stain to
look for defect in the organ of Corti. All sections were examined with an Olympus light
microscope.
4.2.5 Scanning electron microscopy
Mice were anesthetized using Avertin (0.5 mg per gram of body weight) and perfused
with Super reagent perfusion wash and Super reagent perfusion fixation (Electron
Microscopy Science, Hatfield, PA). Cochleae were removed and further fixed (in
perfusion fixation liquid) and, when needed, decalcified (in perfusion fixation liquid plus
150 mM EDTA) using a Pelco Biowave microwave tissue processor (Ted Pella, Inc.,
Redding, CA). Cochleae were then dissected into turns and fixed with 2.5% glutaldehyde
in 0.1 M sodium cacodylate buffer, pH 7.35 (Tousimis Research Corp, Rockville, MD),
and 2% osmium tetroxide, pH 7.35, in 0.1 M sodium cacodylate buffer (Electron
Microscopy Sciences, Hatfield, PA). They were then en-blocked stained with 2%
aqueous uranyl acetate (Electron Microscopy Sciences, Hatfield, PA) and dehydrated.
Samples were then critically point dried with a Tousimis Sandai 790 and mounted on
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stubs. Finally, they were sputter coated with 40 nm gold/palladium and analyzed with a
JEOL 7000 field emission gun scanning electron microscope. Stereocilia counts were
performed on the middle row of outer HCs in the middle basal sections of the cochlea.
Individual stereocilium were counted in each bundle and averaged. Comparison with
controls was determined using a one-way ANOVA followed by a Student’s t test with a
Bonferroni correction. Stereocilia height was measured from the tallest row of the
stereocilia bundles directly adjacent to the location were the kinocilium was located,
again from the middle row of outer HCs in the middle basal section of the cochlea. The
heights were averaged and compared with controls using a one-way ANOVA followed
by a Student’s t test with a Bonferroni correction with GraphPad Prism Version 5
software (Graphpad Software, Inc., La Jolla, CA).
4.3 Results
4.3.1 Normal cochlear structure at P0 in the PC-1 KI mutant mouse model
After the determination that we had a normal MET channel phenotype at P4/5, but an
increased hearing threshold at adult ages cause by defects in outer hairs, we needed to
examine the structure of the organ of Corti, specifically the hair cells, for defects. We
first examined P0 cochleae for defects after the loss of PC-1; however, at this age we
were limited to examining the PC-1 KI model due to the lack of complete Cre
recombinase in the PC-1 CKO at P0. Upon examination of P0 organ of Corti at both the
gross and ultrastructural levels, we found no obvious differences between WT and PC-1
KI mutant littermates. Examination of cross sections using hematoxylin and eosin
staining showed no obvious differences in the hairs cells, supporting cells, ganglion, and
stria vascularis cells at this age. Further inspection of the cochleae using confocal
microscopy of PC-1 KI and WT whole mounts revealed normal stereocilia bundles
(Figure 4.1A,B). Ultra-structural analysis of bundles showed normal bundle orientation
as well as presence of a kinocilium, both indicated normal stereocilia polarity in the PC-1
KI model (Figure 4.1C,D). Normal morphology of the organ of Corti at this age was not
unexpected as MET channel measurements at P4/5 were functionally normal.
4.3.2 Normal cochlear structure at P4/5 in both PC-1 mutant mouse models
We next examined if there was a morphological phenotype present at the age in
which we tested MET channel function. It was expected that because we did not observe
any defects in the MET channel at this age we would not find any problems in
morphology. At P4/5 in both mutant mouse models, PC-1 KI and PC-1 CKO, we saw no
significant differences between WT and mutants at either the gross or ultra-structural
morphological level. Looking more closely at the stereocilia bundles, the known location
of PC-1, we saw no obvious phenotypic differences at the ultra-structural level using
SEM (Figure 4.2A-C).
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4.3.3 Normal cochlear structure at P14 in both PC-1 mutant mouse models
Knowing that there was no defect at younger ages in the mutant PC-1 models, but that
there was a hearing phenotype at adult ages, we wanted to determine when and if there
was any structural defects older than P5. We examined both mutant mouse models for a
morphological defect at P14, when hearing is nearly mature, looking at the same
morphological aspects of the cochlea and organ of Corti that; again, we found no
significant differences among the cells in the cochlea, specifically the hair cells.
Examination of the stereocilia using SEM, we saw no defects with the bundles at the
ultra-structural level (Figure 4.3A-C).
4.3.4 Abnormal stereocilia structure at adult ages in both PC-1 mutant mouse models
Since we found hearing defect at adult ages, we expected to find morphological
problems with the organ of Corti, specifically the outer hair cells according to the
DPOAE results. Looking first at the gross level with cross sections and whole mounts, we
were able to determine that there were no obvious abnormalities in the organ of Corti and
hair cells (Figure 4.4A-C). Knowing that PC-1 was localized to stereocilia bundles of hair
cells (Figures 2.5 and 2.6), we were particularly interested in the ultra-structural
stereocilia phenotype. Using SEM, we were able to closely examine the stereocilia
bundles and found a distinct abnormal structure of the bundles. Looking at 5,000x
magnification in either PC-1 model (Figure 4.5A-C), we were able to immediately notice
a defect in the stereocilia bundles; however, the polarity of the bundles remained intact.
Even at this magnification there was already an obvious problem with the typically stairstep stereocilia shape. Examining the stereocilia at an increased magnification of
20,000x, we saw that there was splaying, bending, and twisting of individual stereocilia
in the bundles. The bundles as a whole had lost their typical and characteristic stair-step
shape and no longer resembled functional bundles (Figure 4.5D-F). Closer inspection of
the bundles showed there were differences in the length of the stereocilia as well as a
possible difference in the total number of stereocilia per bundle. Upon quantification of
the bundle morphology, we found that indeed there was a significant increase in
stereocilia height as well as a significant decrease in the number of individual stereocilia
per bundle (Figure 4.6). We believe that the abnormal bundle morphology caused the
hearing loss phenotype in both of our mutant models.
4.3.5 Analysis of cadherin23 expression in adult PC-1 CKO stereocilia
Looking closely at the stereocilia bundle defect in regards to the MET channel, we
examined more closely cadherin23 (cdh23), a tip link component thought of as an
accessory protein to the MET channel (Siemens, Lillo et al. 2004). By examining this
component of the stereocilia tip link, we hoped to determine if there was a defect in the
MET channel when we saw the defect in hearing activity and well as stereocilia
abnormality.
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Using immunohistochemistry, we examined the staining pattern of cdh23 as an
accessory component to the MET channel. At P35 in the PC-1 CKO cochlea, we found
no differences in staining of cdh23 compared to WT littermates (Figure 4.7A-F). This
indicated that even with an increase in hearing threshold and a mutated bundle phenotype
there was no change in the tip link location by cdh23 staining. As the tip links are
required for proper MET channel function, the WT appearance of cdh23 indicated that in
the absence of PC-1 the MET channel was properly localized.
4.3.6 Analysis of espin expression in adult PC-1 CKO stereocilia
Without a defect in cdh23 localization, but hearing defects and bundle defects, we
wanted to explore a possible role of PC-1 with the central F-actin components of the
stereocilia bundles. Espin, an actin cross-linker, is known to play a central role in bundle
actin tread-milling. In the absence of espin, the stereocilia bundles decrease in height but
with an over-expression of espin there was an increase in stereocilia height (Loomis,
Zheng et al. 2003; Li, Liu et al. 2004; Sekerkova, Zheng et al. 2004). As mentioned
previously there was an increase in stereocilia length with the loss of PC-1, indicative of
a possible role with actin tread-milling.
To determine if PC-1 might play a role in actin tread-milling, we examined espin
localization in PC-1 CKO mice. Looking at the localization of espin through
immunohistochemistry, we found no obvious differences in the localization with or
without PC-1 (Figure 4.8A-F). These results indicate that the overall actin tread-milling
process was not defective in the absences of PC-1, specifically in the PC-1 CKO mouse
model.
4.4 Conclusions
As we were not able to uncover a defect in the MET channel, we examined the hair
cells, specifically their stereocilia, for mutations that would result in a hearing threshold
increase. In the organ of Corti from birth to P14, we found no obvious morphological
changes at the gross or ultra-structural level in the absence of PC-1 including no defects
in PCP of hair cell stereocilia; however, at the adult ages we have a significant defect in
the bundles, but again no polarity defects. The bundle’s phenotype showed an increase in
height and a decrease in individual stereocilia number in both mutant mouse models. In
addition, we examined some of the known defined bundle components, cdh23 and espin,
and found no differences in their localization through immunohistochemistry.
Nevertheless, all these results taken together indicated a role for PC-1 within the F-actin
based stereocilia.
One of the most striking findings we found that helped understand our phenotype was
the colocalization of PC-1 with F-actin throughout the entire length of the hair cell
stereocilia this indicated that PC-1 most likely plays a role in the stereocilia (Chapter 2).
Additionally, previous studies have shown that PC-1 plays a structural role in other
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systems through its ability to regulate the actin cytoskeleton (Boca, D'Amato et al. 2007;
Markoff, Bogdanova et al. 2007) which confirmed our idea that PC-1 works with F-actin.
Also supportive, of the possible role with of PC-1 with the actin cytoskeleton is the
coil-coil domain located in its C-terminal tail of PC-1 (Qian, Germino et al. 1997), and
the knowledge that coil-coil domains of proteins can often bind F-actin (Boeda, ElAmraoui et al. 2002). It is known that during normal development of stereocilia bundles
in neonates, the actin core grows ~0.5 µm a day to produce the stair-step bundle pattern
(Tilney, Tilney et al. 1992). When development is complete, bundles turn over their
complete actin core in about 48 hours (Rzadzinska, Schneider et al. 2005). Mutationsin
many known hair cell stereocilia components have shown a decrease in the height of
bundles, such as myosin XVa, whirlin and espin (Nayak, Ratnayaka et al. 2007);
however, recently, it was also shown that in a new PC-1 mutant mouse, a Pkd1 transgenic
model with a silent tag inserted into the Pkd1 genome, there was an almost two-fold
increase in the height of the renal epithelium cilia although they are microtubule-based
(Kurbegovic, Cote et al. 2010). In the case of PC-1 deficiency in our models, we
therefore believe that the balance or maintenance of F-actin assembly was disrupted,
resulting in the increase in stereocilia length and decrease in bundle numbers which
ultimately caused hearing loss. Further evidence that PC-1 was working together with the
F-actin core of the bundles was shown through the normal localization of other bundle
proteins such as espin and cdh23 in the PC-1 CKO. It could be possible that with this
extreme bundle disruption at adult ages, there was a defect in localization of espin or
cdh23, but the immunohistochemical examination does not have the resolution to
determine if either of these molecules was slightly out of place. Also, while espin is
known to play a role in actin treadmilling, similar to our proposed role of PC-1, the lack
of PC-1 does not have to result in a defect of espin. This known function of PC-1 also
indicated a strong role for PC-1 and F-actin interaction and helped strengthen the idea
that the two proteins interact in hair cell stereocilia.
These results combined with the localization studies helped to reveal a possible
function of PC-1 in the inner ear, but also in other tissues of the body, specifically the
kidney. Knowledge of the function of PC-1 in the kidney over the years has been
controversial, including both developmental and disease roles. It has commonly been
thought that PC-1 contributes to PCP in the kidney and more specifically orientated cell
division and cyst formation in those afflicted with polycystic kidney disease (Grantham
1996; Carone, Bacallao et al. 1998; Ong, Harris et al. 1999; Luyten, Su et al. 2010). The
inner ear typically serves as the standard model to study PCP defects because of the
neatly arranged three rows of outer hair cells with their precise “V” or “W” shaped
stereocilia orientation. Additionally, PCP defects are manifested as early as E15 with
mutations in the stereocilia and kinocilium orientation (Dabdoub and Kelley 2005; Jones
and Chen 2007; Kelly and Chen 2007). Looking only at the PC-1 KI mouse model, due to
the PC-1 induction at P0/1 and polarity being established before the loss of PC-1, there
was no obvious polarity defects in the cochlea of PC-1 KI mice (Figures 4.1-4.4). This
data was inconsistent with what the renal field has thought for years as a role of PC-1 in
the kidney which may help clarify controversy in the renal field.
The results from the analysis of the two independent alleles of PC-1 mutations
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revealed that PC-1 most likely plays a role in actin tread-milling of the stereocilia, but not
in bundle development, specifically the PCP pathway. These results while important to
understanding the role of PC-1 in the inner ear were also extremely important to
understanding how PC-1 functions in the kidney. Our results indicated possible
discrepancies in what the renal field has thought PC-1 is responsible for, specifically the
kidney’s polarity and its function with tubulin based cilia.
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CHAPTER 5. ROLE OF PC-1 IN UTRICLE HAIR CELLS
5.1 Introduction
Hair cells and stereocilia bundles are not exclusive to the cochlea, but are also present
in the inner ear vestibular region. After examination of the cochlea and finding, both a
functional and structural defect, we wanted to determine if there were also defects in the
vestibular system. By using our PC-1 mouse models, we examined the utricle, a
vestibular organ, for defects in the absence of PC-1.
The utricle is known as and classically called a “gravity-sensing organ” with the
ability to sense gravity or linear acceleration. When there is a change in the movement of
the head or a change in the gravitation pull, the body results with eye and muscles
movements as a result of the hair cells in the utricle (Peusner 2001). The vestibular
organs are similar in many ways to the cochlea, specifically in the aspects of the hair
cells. Both organ’s hair cells are able to transduce fluid current into electrical stimulus,
release glutamate to the primary afferent neurons and have K+ ion channels located in the
base of hair cells (Eatock and Lysakowski 2006). The utricle contains both hair cells,
type I and type II, and supporting cells. The epithelium, compared to the cochlea, is flat
with hair cells spread out throughout the whole epithelium (Figure 5.1). The hair cells
contain stereocilia bundles which like the cochlea hair cell bundles, contain an MET
channel that opens in response to deflection. Similarly, upon deflection of the stereocilia
bundles ions flow into the MET channel and help to depolarize the cell. The bundles,
however, are slightly different in that they contain a kinocilium throughout life and they
are not in the typical cochlear bundle shape. Nevertheless, they are made up of F-actin
with cross-linkers and terminate into the hair cell cuticular plate (Eatock and Lysakowski
2006). As there are many similarities between to the two areas of the inner ear, we
wanted to examine the vestibular organs in regards to their PC-1 expression and function.
5.2 Methods and Materials
5.2.1 Mice
Mice used in these studies were housed in the Animal Resources Center of St. Jude
Children’s Research Hospital. The care and use of the mice during the course of this
study were approved by the Institutional Animal Care and Use Committee at St. Jude
Children's Research Hospital, Memphis, Tennessee.
5.2.2 Mouse models
The Pkd1-HA knockin mouse model was obtained from A. Boletta (Milan, Italy)
(Wodarczyk, Rowe et al. 2009). The Math1CreERTM was obtained through S. Baker at
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St. Jude Children’s Research Hospital (Memphis, TN) (Chow, Tian et al. 2006). The
transgenic Pkd1 floxed allele mouse model was obtained from G. Germino (Johns
Hopkins University, Baltimore, MD) (Piontek, Huso et al. 2004).
Mice tails were biopsied and genomic DNA was extracted using an alkaline heat
shock method followed by PCR (Table 2.1) with gene specific primers (Table 2.2). PCR
product results were run on a 2% agarose gel and visualized using either GelRed
(Biotium Inc., Haywood, CA) or ethidium bromide staining.
5.2.3 Immunostaining
Mice were cardiac perfused with 4% PFA and inner ears were removed and postfixed for 30 minutes at room temperature in 4% PFA. Adult age inner ears were
decalcified in 120 mM EDTA, while younger age samples did not require this
decalcification step. Whole mounts were washed with 10 mM PBS and blocked (1%
BSA, 10% goat serum and 1% Triton X-100) for 1 hour at room temperature. Primary
antibodies were then applied in 1% BSA, 5% goat serum and 0.1% Triton X-100 and
incubated overnight at 4ºC. Primary antibodies include: rat anti-HA (1:100, Roche
Molecular Systems, Branchburg, NJ) and rabbit anti-alpha acetylated tubulin (1:200,
Sigma-Aldrich, St. Louis, MO). Samples were washed with PBS and incubated at room
temperature for 2 hours in secondary antibodies goat anti-rabbit Alexa-488 or 568
(1:1000, Invitrogen, Carlsbad, CA) or goat anti-rat Alexa-488 or 568 (1:1000, Invitrogen,
Carlsbad, CA) diluted in the same solution as primary antibodies. Samples were again
washed with PBS and rhodamine phalloidin (1:40, Invitrogen, Carlsbad, CA) and nuclear
stain (Hoechst 33342, 1:2000, Invitrogen, Carlsbad, CA) was applied to the samples for
20 minutes at room temperature, followed by a final PBS wash. Cochleae were mounted
with Prolong Gold antifade reagent (Invitrogen, Carlsbad, CA) and imaged with a Zeiss
LSM 510 NLO Meta or Zeiss LSM 700 confocal microscope.
5.2.4 Rotarod analysis
Mice were placed on the rod (San Diego Instruments, San Diego, CA) which rotated
at speeds increasing in 5-rpm increments from 0 to 20 rpm and the retention time of the
mice and/or time to fall was recorded. Mice were tested in three trials each day at the
same hours of the day over 5 days. Times for PC-1 CKO mice were averaged and
compared to WT littermates using a two-way ANOVA followed by a Student’s t-test
with a Bonferroni correction.
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5.3 Results
5.3.1 Localization of PC-1 in utricle hair cells
Using the PC-1 HA KI mouse model (see Chapter 2), we wanted to determine if PC-1
has a similar expression pattern in the hair cells of the vestibular region compared to the
hair cells of the cochlea. Upon examination of the utricle for expression of PC-1 at P0,
we found a similar expression pattern of HA staining to what was observed in the
cochlea. The stereocilia of the utricle hair cells showed an HA staining pattern in PC-1
HA KI, indicative of a PC-1 stereocilia expression pattern (Figure 5.2). The vestibular
hair cells bundles retain their kinocilium throughout life unlike the cochlear hair bundles;
however, in a similar fashion to what was detected in the cochlea, there was no HA
staining colocalized with the tubulin based kinocilium. Also, similar to what was found in
the cochlea, the expression of PC-1, measured through the HA staining, decreased
withage (Ward, Turley et al. 1996).
5.3.2 Vestibular function in PC-1 CKO mice
As a way to measure the functionality of the utricle hair cells, we tested the ability for
PC-1 CKO mice to remain balanced on a rotarod. For this experiment, we examined only
the PC-1 CKO mouse model due to body defects (stunted growth and enlarged abdomen)
reported in the PC-1 KI mice (Yu, Hackmann et al. 2007). Upon examination of adult
PC-1 CKO mice for five consecutive days, we found no significant difference in the
latency to fall or the ability to learn as compared to their WT littermates (Figure 5.3).
This indicated that the lack of PC-1 in utricle hair cells have no significant effect on the
balancing ability of the PC-1 CKO mice.
5.4 Conclusions
To determine if PC-1 was located in the vestibular hair cells, we examined the HA
staining pattern in the utricle of PC-1 KI HA mice. Additionally, we examined the role of
PC-1 controlling balance in mutant mouse models using a rotarod balancing test. These
two experiments revealed that even though PC-1 was localized to the stereocilia of utricle
hair cells, the loss of PC-1 in the utricle does not result in a diminished balancing ability
as would have been expected.
The hair cell bundles of both the cochlea and the vestibular organs, while differing in
shape, are composed of the same molecules as well as serving similar functions. The
analysis of the PC-1 HA KI mice in the utricle revealed a colocalization of HA, indicative
of PC-1, with F-actin. This pattern was identical to the pattern seen in the cochlea and
thus further concludes that PC-1 plays a role with F-actin in the stereocilia. Similar to
cochlear hair cells, we did not observe localization of PC-1, as seen through HA staining,
with the tubulin based kinocilium. As stated previously, PC-1 is commonly found in
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tubulin based cilia of renal epithelial cells indicating a possible role with tubulin (Ward,
Turley et al. 1996; Yoder, Hou et al. 2002). This localization pattern might help some of
the controversial roles of PC-1 in other organs, specifically the kidney, thus leading to
better treatments and understanding of polycystic kidney disease.
Examination of the vestibular organ for balance defect revealed no significant
differences between PC-1 CKO and WT littermates. These results indicated that while
there were functional defects in the cochlea, the loss of PC-1 in vestibular organs did not
produce a significant functional phenotype using the PC-1 CKO model. However, while
the PC-1 CKO has a high Cre recombinase percentage in the cochlea (80-90% of cells),
the PC-1 CKO model has significantly reduced recombination ability in the vestibular
organs (~50%) (Chow, Tian et al. 2006). In this case, 50% of cells have WT PC-1
activity. Having half of the cells containing functional PC-1 protein could render the
system as a whole to function properly. This could explain the difference in functional
phenotypes between the two inner ear systems. To make a definitive analysis of the
vestibular function, it will be necessary to analysis another mouse model with complete
loss of PC-1 in the vestibular system. This will be difficult due to the known embryonic
lethality that occurs in germ line deletions of PC-1 (Boulter, Mulroy et al. 2001; Lu, Shen
et al. 2001; Muto, Aiba et al. 2002). The PC-1 KI mouse model would be an effective
mouse model to determine vestibular defects to the small amount of residual protein left
in the system (<10%); however, even though the animals are born without problems, they
die by P25 of kidney disease (Yu, Hackmann et al. 2007). The kidney disease leaves the
animals stunted and with enlarged abdomens. These animals would not be beneficial to
use for the balance test because they have limited mobility even before being placed on a
moving wheel. Recently, a new PC-1 transgenic mouse model has been created and does
not have problems with embryonic lethality this could be used as possible model to
examine the vestibular phenotype (Kurbegovic, Cote et al. 2010).
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CHAPTER 6. LIMITATIONS, IMPLICATIONS AND FUTURE STUDIES
6.1 Limitations
One major limitation of our original hypothesis is the inability to measure MET
function after the cochlea becomes calcified (~P7). We found both a functional and
morphological defect in hair cell stereocilia at adult ages of PC-1 mutant mice; however,
MET channel measurements and stereocilia morphology were normal when analyzed at
neonatal ages. Electrophysiologists in the auditory field are currently working to improve
the techniques used to measure MET channel function so that they can perform these
measurements at later age. It would be possible to use the dye uptake assay to measure
MET channel function, either through the round window or systemically, at an adult age;
however, this is only a gross measure and would not be able to determine specific
channel defects.
While we were able to use multiple mouse models to understand the expression and
function of PC-1 in the inner ear, each mouse model had its own limitations in the study.
These limitations resulted in numerous limitations in the study as a whole.
The PC-1 KI is the first ever animal model of polycystic kidney disease that survives
until birth. While the mutation in PC-1 theoretically prevents cleavage of the N-terminal
tail, rendering the protein nonfunctional, examination of the kidneys from this mouse
shows there is ~10% residual WT and functional PC-1. It is thought that this amount of
functional protein is enough for the proper development of the kidneys which allows the
animal to survive until birth; however, this is not enough functional protein to protect the
animal from developing polycystic kidney disease (Yu, Hackmann et al. 2007). We are
unsure of the amount of residual function PC-1 protein in the inner ear. If the inner ear
requires a small amount of PC-1 to develop properly, this could explain why we did not
see a defect in MET channel function at young ages. Also, there is no conclusive
evidence that PC-1T3041V is nonfunctional other than the reports in the kidney. Perhaps,
this KI mouse acts as a hypomorphic allele in the inner ear. We have shown in our CL1
cells that PC-1T3041V does not localize to the cilia, but instead remains in the cytoplasm,
specifically in the endoplasmic reticulum of the cell (Chapter 2 and Figure 2.7). Despite
these concerns the PC-1 KI clearly has a phenotype in the cochlea based on our ABR and
stereocilia morphology results.
The PC-1 CKO mouse model also has limitations. We used a hair cell specific
inducible Cre line, Math1-CreERTM, induced with tamoxifen at P0/P1 to delete Pkd1 in
postnatal hair cells. Induction at this age means that PC-1 mRNA and protein is normally
created in all Cre positive cells before P0. This could be problematic as stereocilia
bundles and specifically the MET channel develop embryonically and PC-1 has an
unknown half-life in the inner ear. It is possible that PC-1 remains in hair cells of our PC1 CKO model during the first week of life which explains why we do not see a phenotype
until after P14.
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The best way to avoid these problems would be to use a gernline knock-out of PC-1;
however, these mice are embryonic lethal and do not survive past E14 (Boulter, Mulroy
et al. 2001; Lu, Shen et al. 2001; Muto, Aiba et al. 2002). Alternatively, we could use a
different hair cell specific Cre line that can be induced earlier, when hair cells are
beginning to form. This would allow us to avoid embryonic lethality while still targeting
the PC-1 deletion to inner ear HCs. It may be possible to do this with the Math1CreERTM line, but an embryonic induction protocol would need to be developed and we
would only be able to analyze the cochlea at P0 as tamoxifen induction would cause
distocia in the mothers. Other labs have tried to foster pups after delivery by Cesarean
section with very little success. A more likely candidate would be the recently published
Gfi1-Cre line, which is specific for hair cells and has a reported expression pattern
beginning at E15.5. At this time the first signs of stereocilia bundle development are
observed (Yang, Gan et al. 2010).
The final limitation of the study was the lack of reliable antibodies for PC-1.
Although there are multiple commercial antibodies, recognizing both the N- and Cterminals, these antibodies are not effective for immunostaining. We also tried to create a
new N-terminal antibody but it also did not work for immunostaining. The most likely
explanation is the inability of the antibodies to get to their epitopes when the protein is in
a folded state, as all of the antibodies work well in experiments with denatured proteins.
Thankfully we were able to overcome this limitation by using the PC-1 HA KI model to
localize PC-1.
6.2 Implications
In addition to the important advances our investigation has uncovered for renal
research such as the lack of PCP defects in the cochlea and lack of co-localization with
α-tubulin, we have also further advanced the understanding of hair cell stereocilia. While
many of the hair cell stereocilia components have been discovered, there are still
unknown details including the component(s) of the MET channel. While we did not
observe a change in the physiological properties of the MET channel, we did discover a
role for PC-1 within the stereocilia bundles in hair cells thus affecting hearing. The
abnormal bundle structure seen with PC-1 deletion or mutant likely causes either
improper opening of the MET channel or decreases the opening probability of the
channel. In either of these instances, there would be hearing loss specifically caused by
defects in outer hair cells as was detected by our DPOAE measurements (Chapter 3 and
Figures 3.5/3.6).
As we slowly undercover the components of the stereocilia, we also acquire
knowledge of some possible mechanisms of hearing loss that have previously been
unknown. We feel that PC-1 is most likely playing a role in the actin dynamics of the
stereocilia or more specifically with the length control. As both mutant PC-1 models
show an increase in length in their stereocilia, it is possible that PC-1 is involved in the
actin cable assembly in the stereocilia. PC-1 could be playing a role in either the
polymerization of the actin molecules or the filament disassembly. The overexpression of
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espin causes an increase in the size of the parallel actin bundles in the individual
stereocilia which results in an overall increase in length of the stereocilia bundles
(Loomis, Zheng et al. 2003). Examination of PC-1 in a similar fashion might help to
reveal if PC-1 is indeed interacting with actin as well as what role it is playing with it.
As PC-1 is known to be a channel permeable to Ca2+, another implication of PC-1 in
actin assembly has to do with regulation of Ca2+ in the stereocilia. We know that PC-1 is
localized throughout the stereocilia and it may be acting as a channel to help with Ca2+
influx. Ca2+ is required for proper actin assembly and if the PC-1 channel is allowing for
the majority of Ca2+ into the stereocilia, a mutation in PC-1 could result in improper actin
assembly. This would be another possible explanation of the length change in the PC-1
mutant stereocilia bundles that could easily be tested with a measurement Ca2+ uptake
into the cell.
Additionally, before we can establish treatments for hearing loss, we must be
knowledgeable about possible causes of hearing loss. Many genetic disorders have an
association between kidney function and hearing loss i.e. Alstrom syndrome, BardetBiedl syndrome, Rentinitis pigmentosa as well as other undocumented diseases that are
or are suspected ciliopathies, genetic disorders of cilia or cilia structures (Beighton,
Bartmann et al. 1993; D'Angelo and Franco 2009; Lancaster and Gleeson 2009). Since
PC-1 mutations are known to cause renal defects and we now show they can also cause
hearing defects, we are slowly uncovering the keys to different genetic disorders. With
the addition of PC-1 to this list, we come closer to understanding the components of
genetic hearing loss and as a result we are able to determine better methods of treatment
as well as possible cures.
Even though there is no evidence to demonstrate hearing loss in patients with
polycystic kidney disease, there are still multiple implications that can originate out of
this study in regards to not only the disease, but the two organ systems. As knowledge
about PC-1 in the kidney is controversial, the results obtained from this thesis may aid in
understanding PC-1 which will not only help further understand the auditory field but
also may aid in understanding kidney disease research in addition to the renal system as a
whole.
Recently, PC-1 has been identified as a player in the mammalian target of rapamycin
(mTOR) pathways in both animal models and human disease (Shillingford, Murcia et al.
2006; Wahl, Serra et al. 2006; Boletta 2009; Bonnet, Aldred et al. 2009; Hartman, Liu et
al. 2009). A second newly identified mTOR complex (mTORC2) has been shown to
regulate the actin cytoskeleton (Sarbassov, Ali et al. 2004). This plus the known actin
cytoskeleton rearrangement resulting from PC-1 (Boca, Distefano et al. 2006) suggests
that there is some type of mTORC2 impairment in the absence of PC-1 resulting in the
cyst formation in polycystic kidney disease. Additionally, our localization results in both
the cochlea and CL1 cells contribute another line of evidence showing PC-1’s possible
association with actin. It would be interesting to examine the mTOR pathway,
specifically the mTORC2 pathway, in hair cells of the inner ear as a possible mechanism
of our actin stereocilia phenotype.
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PC-1 has also been implicated in the development of polarity in renal epithelia cells
of the kidney as well as the formation of cysts in diseased kidneys (Grantham 1996;
Carone, Bacallao et al. 1998; Ong, Ward et al. 1999; Luyten, Su et al. 2010); however,
our results with the PC-1 KI mouse model show that there are no polarity defects in the
cochlea. The cochlea is the most commonly used and reliable organ to examine planar
cell polarity (PCP). Without a polarity defect in the stereocilia of PC-1 KI mice, it is
likely that PC-1 does not play a role in renal polarity as is currently thought.
6.3 Future Studies
While we were able to determine that PC-1 plays a role in the hair cell stereocilia in
the inner ear, we still need to determine the specific mechanism of PC-1’s function in
stereocilia. We could elucidate this mechanism by examining possible interactions of
PC-1 with other known stereocilia proteins using a yeast two-hybrid system or coimmunoprecipitation. While yeast two-hybrid screens are advantageous in screening
large number of proteins and offer the possibility to discover novel proteins; however, the
method is problematic due to the large number of experimental components and
differential protein expression between Saccaromyces cerevisiae and mammalian species.
Since we have localized PC-1 to the stereocilia of hair cells, it would be much more
effective to perform co-immunoprecipitation experiments with whole cochlea lysate and
a tagged PC-1 protein. This would be followed with either western blotting for known
stereocilia components or mass spectroscopy for unknown interacting proteins. This
would allow us to further elucidate what role PC-1 is playing in the stereocilia by
understanding where it is located as well as possible interactions. To make this process
easier we have the PC-1 HA KI mouse model which we could use for such experiments.
Since PC-1 mutants have longer stereocilia compared to their WT littermates, it also
could be interesting to examine the role of PC-1 with F-actin, specifically actin
treadmilling. PC-1 could be interacting with actin as opposed to other stereocilia
components and we could determine this with a non-muscle actin binding assay.
Additionally, PC-1 could be interfering with the actin treadmilling in the stereocilia
which is causing the change in length. We could perform an actin polymerization assay in
the presences and absence of PC-1 to measure its effects. We already know that PC-1
plays a role in actin based cell migration in vitro, thus it seems likely PC-1 could have a
similar function in the inner ear (Boca, D'Amato et al. 2007).
In addition to forming a channel on its own, PC-1 is thought also to form a
heteromeric channel with polycystin-2 (PC-2) (Qian, Germino et al. 1997; Hanaoka, Qian
et al. 2000; AbouAlaiwi, Takahashi et al. 2009). It would be interesting to examine the
deletion of both proteins in the inner ear as it is possible that the two molecules are
forming a functional channel and our phenotype would be enhanced with the loss of both
molecules. However, since the expression pattern of PC-2 is not known in the cochlea, it
would be beneficial to understand whether PC-2 is expressed in the cochlea before
creating a double knock-out mouse.
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Since there are limitations for both of our mouse models, it would be beneficial to
create a mouse model where Cre recombinase activity occurs before hair cell bundles
develop. This conditional mouse model would be advantageous to determine if the loss of
PC-1 during development would result in MET channel defects at young ages.
Additionally, we could examine the loss of PC-1 in regards to hair cell stereocilia
polarity. As the PC-1 KI model, that concluded there was no significant polarity
phenotype, could be a hypomorphic allele, looking at CKO model would be more
conclusive.
Determination of the half-life of PC-1 would aid in interpretations of some of our
major findings. More specifically, it would help to determine if there is PC-1 present in
the PC-1 CKO model when examined for MET channel defects at P4/5. By using pulsechase analysis with radioactive labeled PC-1, we could determine PC-1’s half life in
vitro. A secondary possibility would be to apply cycloheximide in vitro to cells known to
contain PC-1 and thus block further protein synthesis. Using western blotting, we would
be able to take different time points and examine the amount of PC-1 present. In parallel,
we could also perform laser-capture microdissection of hair cells at different time points
in the PC-1 CKO model and measure protein expression of PC-1 in vivo. Using this
experiment, we could conclusively determine if PC-1 was present in hair cells at P4/5.
All of these future experiments have the potential to further our knowledge of the role
that PC-1 plays in the inner ear. To continue to understand the role of PC-1 in the
stereocilia and how the loss of PC-1 results in hearing loss, these experiments would be
required to follow up the PC-1 localization and phenotype. These experiments also have
the potential to help understand the role of PC-1 in the kidney as well as in polycystic
kidney disease.
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